Carbon-coated nanoparticles and their application in high performance polymer nanocomposites by Wang, Nannan Jr
  
Carbon-coated nanoparticles and their application in 
high performance polymer nanocomposites 
 
Submitted by Nannan Wang to the University of Exeter 
as a thesis for the degree of 
Doctor of Philosophy in Engineering 
In January 2018 
 
This thesis is available for Library use on the understanding that it is copyright 
material and that no quotation from the thesis may be published without proper 
acknowledgement. 
I certify that all material in this thesis which is not my own work has been 
identified and that no material has previously been submitted and approved for 
the award of a degree by this or any other University. 
 
Signature: ………………………………………………………….. 
  
2 
 
Abstract 
Shrinking down into nanoscale, materials exhibit huge property advantages 
over their bulk form. New forms of carbon at nanoscale have occupied the 
prominent position in modern materials research. With a very long history 
accompanying our human civilisation, carbon as a wonder material has once 
again contributed to our technological advances, as evidenced by the 
discoveries and research attractions in the last a few decades. Research into 
fullerenes (C60, C70, etc.), carbon nanotubes (CNTs) and graphene has been 
continued raising, because of the numerous novel properties associated with 
these new carbon forms1-3. On top of their excellent electronical, physical and 
chemical properties, CNTs and graphene also exhibit excellent mechanical 
properties including ultra-high tensile strength, Young’s Modulus, as well as 
high thermal conductivities. Research into carbon has also promoted the 
flourish of many new non-carbon nanomaterials, and typical examples include 
the inorganic fullerene-like tungsten disulphide (IF-WS2) nanoparticles (NPs), 
numerous oxide NPs and nanowires that also exhibit various remarkable 
properties, such as high hardness and anti-oxidation stability.  
To combine the outstanding performances of both carbon and non-carbon 
nanomaterials by marrying nanoscale carbon with various metal oxide particles, 
which forms the backbone of my thesis by carrying out the intensive 
investigations. In my project it have further validated the advantages of the 
resulting new carbon-coated NPs in different polymeric matrix composites. The 
main findings are as follows:    
1. A home-made rotary chemical vapour deposit (RCVD) system has been 
modified and this versatile facility has been applied successfully to 
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produce different types of graphitic carbon-coated nanocomposite 
particles, from micro- down to nano-scale, including IF-WS2, TiO2, ZnO, 
Y2O3, Cr2O3, CeO2 and ZrO2 etc. The production can be up to 30 g/per 
batch, which is 10s times more than using a traditional static furnace, by 
avoiding severe agglomeration. 
2. The resulting coating consists of a few layered graphitic carbon with 
lattice space 0.34 nm. The thickness of the coating is simply controllable 
between 1-5 nm, depending on the deposition time (10~60 min), 
precursor injection flow rate (1.2~2.4 ml/L) and heating temperature 
(700~900 oC). Furthermore, the oxide core of ZnO@C was removed by 
heating under the H2/Ar atmosphere, and have successfully generated 
nano- to micro-scale, hollow, closed, and all-carbon structures. 
3. The commercial Nylon 12 is applied to fabricate the metal oxide polymer 
composite. Using ZnO@C-Nylon 12 composite as an example, at 2 wt% 
content, the composites have achieved with the ultimate tensile strength 
increased by 27% (from 47.9 to 59.6 MPa), In particular, at 4 wt% 
content, the ZnO@C showed an impressive improvement in thermal 
conductivity of nearly 50% (From 0.21 t0 0.31 W∙m-1∙K-1), comparing 16% 
improvement for ZnO-Nylon 12 composite. 
4. Apart from investigations of nylon composite, intensive studies of the 
Poly ether ether ketone (PEEK), an important high performance 
engineering thermoplastics polymer, and its nanocomposites reinforced 
by IF-WS2 and IF-WS2@C have been carried out in this thesis. The IF-
WS2/PEEK composites exhibited not only an improvements of 24% 
(From 77.6 to 96.7 MPa) in the tensile strength (2 wt%), but also showed 
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an extraordinary increase in thermal conductivity by 190%, from 0.248 to 
0.719 W∙m-1∙K-1 at 8 wt%, higher onset decomposing temperatures (54 
oC) against the plain PEEK. 
5. Moreover, owing to the better dispersal capacity of IF-WS2@C NPs, the 
ternary IF-WS2@C-PEEK nanocomposites produced in this thesis 
displayed impressive mechanical properties, increased by 51% (From 
77.6 to 120.9 MPa, at 2 wt%), and extremely greater thermal conductivity, 
with 235% (From 0.248 to 0.831 W∙m-1∙K-1 at 8 wt%), and better stability 
than the comparison IF-WS2-PEEK composites. The parameters 
influencing the coating quality and thickness have also been investigated. 
Further, their interface studies based on the FTIR and XPS techniques 
have verified the formation of chemical bonding (C=S bonding and 
carbon π-π bonding), rather than physically bonded together. 
The successful application of the generic RCVD process can be further 
extended to the processing of many new particles for an ultrathin carbon 
coating. Considering the vast amount of literature focusing on carbon, the 
project further processing of carbon-coated materials in composites could 
easily be tailored to achieve desired surface contacts with different matrices 
and leading to the better desired performance, as verified in this thesis for 
the advanced binary and ternary composites. Finally, this research is 
expecting to expand the application potentials of PEEK-based 
nanocomposites in critical areas where thermal conductivity and thermal 
stability are important. 
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Chapter 1. Introduction 
As the rapidly development of nanoscience and nanotechnology, further 
modification and reinforcement of conventional functional materials become 
available. Especially the carbon based materials have attracted a large amount 
of interests in the last few decades and the related research will be further 
enhanced in the near future. 
The aim of this project is to investigate the principles and features of nano 
carbon materials and novel nano-onion inorganic NPs to be a particularly filler in 
composite reinforcement. With the particle size going down to 100 nm, the 
carbon materials will show the extremely different promoting potential properties 
apart from their bulk form, due to the negligible quantum effect becoming 
essential factor in nanomaterials. For example, the zero-dimensional (0D) 
materials like different kinds of tiny nanoparticles, fullerene, graphene quantum 
dot (C60, C70) and carbon-tube cluster4-7; the one-dimensional materials (1D) 
carbon nano-tube (CNT) and nanowires8-10; the two-dimensional (2D) 
nanosheets such as the hottest material graphene (GNP) like structure, 
borophene and metal dichalcogenides and three-dimension (3D) nano 
porous/sphere11-16, displayed the attractive changes in both physical and 
chemical properties. Metal oxide and the carbon based material are the most 
common and economical use materials to strengthen the polymer matrix17-21. 
And then the most efficient method to combine the advantages from both metal 
oxide and carbon is to fabricate the ternary composite, by using the 
nanoparticles of metal oxide and nano-carbon22. However, even the binary 
nanocomposite is not easy to achieve, the ternary nanocomposite is 
significantly complex in theoretical and practical operation. Hence, it is 
necessary to develop an efficient and effective in a simple way to synthesize 
this kind of ternary nanocomposite in large scale. 
In the present thesis, we also reported one famous 0D material - inorganic 
fullerene like tungsten disulphide (IF-WS2), a typical metal dichalcogenides 
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showed MX2 type (M=W, Mo and X=S, Se etc.) ,which was been successful 
synthesized by Tenne et al23. in 1992 and also explored the potential application 
as the super solid lubricant with its extraordinary structure24. Their significant 
tribological and mechanical properties hence are promising potential to prepare 
the new high performance nanocomposite25-27. However, there are diverse 
approaches to synthesize the WS2 and the WS2 has different classes of 
structure such as 1T, 2H and INT28. Therefore, it is the challenge to enlarge the 
production of IF-WS2 nanoparticles to meet the application requirement of 
commercial high performance composite. Moreover, the recent existing method 
created by Tenne is remained complicating technique problems to produce the 
continuous synthesis process and still need the effective solution to utilize the  
HsS gas. 
The research objectives are: to prepare the nano carbon reinforced metal oxide 
composites; to develop a simple, versatile, efficient and large-scalable 
technique to continuously produce IF-WS2 and its derivative C-coating NPs and 
to fabricate the related high performance PEEK composites29-31. And further 
intense investigations for the IF-WS2 and its related derivative IF-WS2@C 
nanoparticles reinforced poly ether ether ketone (PEEK) high performance 
polymer nanocomposite have been done and focused on their great mechanical 
property enhancement, incomparable thermal conductivity and stunning 
tribological performance32. 
This thesis contains seven main chapters. Chapter 1 introduces the overall 
innovation, inspiration and motivation of this thesis and the project objectives. 
Chapter 2 provides the comprehensive background and literature review of 
metal oxide/carbon reinforced nanocomposites, mechanism of synthesis of IF-
WS2 and the fabrication of their derivative high performance polymer 
nanocomposites. Chapter 3 briefly describes the property characterisation 
techniques and the experimental processing in this project. Chapter 4 
demonstrates the modified experimental technique for the general method of 
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nano-carbon coating via the chemical vapour deposition (CVD) technique. And 
Chapter 5 releases the related verified experiment of C-coating metal oxide 
nylon composite. Chapter 6 presents the reaction factors and mechanisms of 
forming the IF-WS2 nanoparticles and the formation of IF-WS2/PEEK binary 
high performance nanocomposites. Chapter 7 further investigates the novel 
synthesis procedure of IF-WS2@C and its mechanisms and properties and 
studies the fabrication and property characterisations of IF-WS2@C-PEEK 
ternary nanocomposites. Finally, chapter 8 ends with the conclusions of the 
thesis and the recommendations for future work in related research areas. 
  
28 
 
Chapter 2. Background and Literature review 
Part-I Nano-carbon coating metal oxides (MOX@C) and their reinforced 
nanocomposites 
In an effort to combine the advantages of the chemical and physical properties 
of both carbon and non-carbon nanomaterials, a lot of investigations has been 
carried out by bonding the nanoscale carbon with numerous metal oxide 
particles, such as TiO2, ZnO, ZrO2, Y2O3, CeO2, Co3O4 and etc33-39. The new 
composite particles indeed showed outstanding mechanical, thermal and 
electrical properties. Generally, three types of such carbon-metal oxide 
structures can be classified, including carbon shell coating the particles, carbon-
metal oxide blending with each other, and carbon core structures40, 41. In 
addition, when sizes of the materials go down to nanoscale, quantum effects 
would result which makes the combination of carbon and metal oxide 
nanocomposites more interesting42. Further numerous investigations have been 
focused on reporting the metal oxide- or carbon-reinforced polymer matrix 
composites, and their improved mechanical properties, pointing to many 
promising applications. Based on the separate successes in metal oxide- or 
carbon-reinforced polymer matrices, the carbon-coated metal oxide composite 
nanoparticles, as a core-shell structured reinforcement, could lead to intrigue 
potentials for the development of high performance polymer nanocomposites, 
which has not been investigated previously19, 21, 43, 44. 
2.1 Nano-carbon reinforced metal oxide nanocomposites 
Carbon exists as many different allotropes because of the flexible chemical 
valence available in its structures, of which the most famous nano-carbon forms 
are fullerene (0D), carbon nanotubes (1D) and graphene (2D), which exhibited 
extraordinary electronic, optical, thermal and mechanical properties45-49. These 
carbon nanomaterials are also considered as extraordinary additives that are 
used to prepare supercapacitor and battery electrodes, nanodevices and 
composites50-54. Meanwhile, metal oxide materials have been continuously 
investigated for a long time. On one hand, research has been focused on the 
fundamental studies about the potentials of various oxide in catalysts, sensing, 
semiconducting and corrosion/oxidation protection55-58. On the other hand, 
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investigations have concentrated on practical applications in high performance 
composites, based on the intrinsic properties of specific oxides, such as the 
superior hardness, excellent thermal resistance and high chemical stability59-63. 
During the past few decades, the rapid development of nanotechnology brings 
in new research for the metal oxides, endeavouring to discover and explore 
their functionalities64-67. 
Effectively joining carbon and metal oxide could be a logical way to combine 
and realise the advantages of both materials. We will summarise the various 
techniques that have been reported for the fabrication of such composite 
particles, as follows.  
Typical existing carbon reinforced metal oxide composites (Coating, 
Hybrid /Mixed and Cored) 
A wide range of choices for the carbon-based materials is available for the 
creation of C-metal oxide composite particles, including activated carbon, 
graphite, fullerene, CNTs and graphene68-72. The coating strategy has been 
successfully used to synthesise composite particles. For example,  Inagaki et al. 
who first produced a controllable thickness of polyvinylchloride (PVC) outside 
the target particles and then treated them at high temperature over 1000 oC to 
form an activated carbon coating mixture73. This is an easy and commonly used 
method for the preparation of carbon-ceramic particles in large scales. However, 
the PVC coating showed some localised shrinkages during the hot treatment 
process, and normally ended up with non-uniform coatings. Further, the 
pyrolysis of PVC as a carbon source made the thickness of the coating on the 
particles uncontrollable, because the amount of carbon surrounding the target 
particles and the rational structure of the final products are unpredictable. As 
shown in Fig. 2.1, the black patterns in the HRTEM show theTiO2 nanoparticles 
coated with a thin carbon layer, however the uneven lattice patterns of carbon 
demonstrate that the coating is amorphous and carbon residues are remaining 
within the sample.  
By using a modified arc-discharge generator, multi-layered carbon coating on 
the outer surface of a metal/metal oxide was produced by using the arc-
evaporation method, which was first introduced by Saito and his co-workers in 
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199474. In the arc-evaporation technique, accurate and uniform graphical 
carbon nano-capsules were resulted, however the appearance of space 
between the carbon coating and oxide nanoparticles had revealed the poor 
bonding between them, which can be obviously found on the top part of the 
particle in Fig. 2.2. Although the mechanical property of these particles are not 
high enough because of the potential of collapse subjecting to large external 
loading, this sort of graphitic carbon cages and the core crystal structure has a 
great potential for applications in catalyst, capacitors and in polymer composites 
as a supporting filler. 
Graphene is a single layer of carbon atoms with all sp2 bonding forming a 
honeycomb structure11, and it is the newest advanced material that intensively 
investigated in the past decade. Graphene-reinforced metal oxide composite 
has exhibited great potentials as electrode materials and catalyst, in the 
construction of optical device and supercapacitor, and for energy storage 
applications. Very recently, the graphene-coated metal oxide hybrids were 
reported by Su et al., and they have demonstrated them as a promising anode 
material for super-battery with enhanced lithium storage75. The hybrid 2D core-
shell structures have shown very good electric conductivities, shown in Fig. 2.3. 
The uniformly sized nanoparticles are inserted into the carbon membrane with 
part of their surfaces exposed which make them suitable for electric applications. 
However, due to the coating is not continuous, this sort of sheet structure is 
instable, thus is unsuitable for applications in composite aiming to improve the 
strength. 
CNTs and fullerene are the two star materials prior to graphene, and both have 
intriguing electronic, chemical and mechanical properties. Since Sun et al. 
developed the metal oxide nano-coating deposited outside the CNTs in 2007 by 
using a sol-gel technique, in Fig. 2.4 shown the very thin nano-caoting of 
Ce2O376. Banerjee et al. produced single-walled CNT-reinforced TiO2 
nanoparticles via an amide-forming reaction77. Furthermore, Ajayan et al. 
reported a method of using CNT templates to grow V2O5 and formed a metal 
oxide coated CNT composite78. Moreover, Satishkumar et al. had further 
expanded the applicable metal oxide range for the preparation of many metal 
oxide nanorods or nanotubes by using CNTs, such as WO3, MoO3, Sb2O5, 
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MoO2, RuO2 and IrO2, with a reasonably high production yield and displayed the 
clear boundary of coating of metal oxide respectively79. Fig. 2.5 shows a 
different metal oxides coating on a CNT, and the shape of the bonding edge 
demonstrates that the coating is not damaged. This method widened their 
potential applications in supercapacitors. Cox et al. have recently shown the 
creation of isolated single and multi-layered fullerenes sheathing MgO particles, 
respectively80.  
Compared with the large number of literatures of CNTs and graphene, reports 
on metal oxides are fewer for their uses in composites, and this limitation 
increases the workload for the preparation of advanced composites. A critical 
review on the dispersal ability of metal oxides in different solutions is highly 
desirable, to offer guidance for researchers to work efficiently to achieve a 
uniform dispersion in composites. The highly sensitive and selective adsorption 
features of a dispersal suspension to certain organic micro-molecules such as 
ethanol and acetone can be used as an indicator of the dispersal quality. 
 
Fig. 2.1 The core-shell coating by carbonization of PVC73 
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Fig. 2.2 Carbon coating prepared by the arc-evaporation method74 
 
Fig. 2.3 2D core-shell structure75 
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Fig. 2.4 Nano-layer of Ce2O3-coated CNTs76 
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e. (a) V2O5, (b) WO3, (c) MoO3, (d) RuO2 and (e) IrO2 coatings of CNT 
Fig. 2.5 Various carbon-reinforced metal79 
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2.2 Metal oxide-reinforced polymer nanocomposites 
Within the last two decades, the geometric dimension of many materials went 
down below 100 nm, which allowed the composite engineering to gain an 
increased attraction by tailoring various forms of new materials. Promoted by 
this advance, polymeric nanocomposites reinforced by nanofillers indeed 
showed promising physical, chemical and mechanical properties81-86. As a 
result, the composites can be used in microelectronic actuators and sensors, 
electrolytes, anodes and biomedical scaffold87-91. To some extent, the 
properties of a polymeric matrix composite are defined by the type of reinforcing 
fillers, which include the sizes and intrinsic properties of the fillers. Therefore, 
developing new nanofillers with favourable features for dispersion and bonding 
with the matrix is of highly importance for composite engineering.  
 
2.2.1 Fabrication of metal oxide nanoparticles reinforced polymer matrix 
Generally, the composite preparation can be separated into two big sections, 
ex-situ and in-situ processes respectively. In this part, we will briefly introduce 
the most important fabrication method for the formation of polymer matrix 
nanocomposites. 
2.2.1.1 Ex-situ processing 
The most commonly used method to fabricate composites is the ex-situ process. 
As shown in Fig. 2.6, this typical synthesis starts from preparing the filling 
nanoparticles in the external step which are then transferred into or mixed with 
the monomer completely by using stirring and sonication treatments, or with the 
aid of surfactants in order to achieve a uniform dispersion92. The final synthesis 
step is typically the polymerization processing93. The strategy for this ex-situ 
method is to prepare the molecular precursor first and fabricate the bulk sample 
at the end. This technique is suitable for processing soluble or monomer 
polymers.  
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Fig. 2.6 Sketch diagram of the dispersing of ex-situ process92 
In this case, the most difficult challenge is to reduce the agglomeration of 
nanoparticles. The general low-cost physical methods are stirring or sonication, 
and this simple mixing is also capable of forming batched mixtures as a 
precursor. Aided with surface chemical modification, the results could be better. 
Musikhin et al. prepared luminescent polymer composites using various surface 
functionalized Y2O3, ZnO, Sb2O3 and SnO2 nanoparticles94. Blending with the 
nanoparticles and monomer directly can also lead to uniform polymer 
composites by tailoring different polymerization treatments. Wang et al. used an 
electron irradiation approach to form the TiO2-reinforced polymer 
nanocomposite95. Zhang et al. applied a plasma polymerization process to 
obtain a core/shell polymer-coated ZnO composite96. Compared Wang et al. 
utilised a plasma induction technique to deposit a thin film of polymer with ZrO2 
filler.  
Although the ex-situ approach is widely used to fabricate polymeric composites, 
its drawback is also obvious, as the composites normally suffer from severe 
particles agglomeration at moderately high load. The agglomeration and uneven 
particles distribution restrict the full property gains of the composites, and the 
filler loading is generally low especially for solvent-free composites. 
 
2.2.2.2 In-situ processing 
The in-situ method can also be considered as physical and chemical methods, 
respectively.  
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a.Physical in-situ method  
The common features for physical in-situ method are to prepare the 
encapsulated nanoparticles without chemical reactions being involved. The 
physical in-situ approach allows for the precursor to change or modify the 
surface of particles with organic coating — the encapsulation compounds. A 
general system has been established by Vollath et al. to combine the plasma 
and microwave techniques for the creation of hybrid core/shell structured 
nanocomposites97. The principle of this method is using the microwave energy 
to activate the volatile ceramic cores, thereby forming the polymer coating shell 
via the UV of the plasma, as displayed in Fig. 2.7 on the left synthesis part, 
where the small organic compounds were polymerized together to form the 
coating. However, even the first step is purely a physical process (microwave), 
the UV treatment process for the polymerization still involves some chemical 
processes. 
 
Fig. 2.7 A Sketch of the microwave/plasma system97 
This kind of physical vapour deposition (PVD) can also be applied to form an in-
situ polymer coating on nanoparticles. Because of lacking chemical bonding, 
the coating was normally deposited based on weak physical bonding, and the 
resulting samples however showed a uniform coating. Traditional microwave 
plasma can be replaced by the PVD technique. Srikanth et al. developed a one-
step microwave/plasma reactor98. And Qin et al. improved the system and 
applied a dual-plasma processing99. The target particles could be deposited 
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with an organic compound coating via arc evaporation and plasma 
polymerization100.  
b.Chemical in-situ method 
Apart from the physical method, chemical in-situ method is focusing on solvent-
based reactions, through which nanocomposites are fabricated. Althues et al. 
published a comprehensive review that introduced a variety of chemical in-situ 
synthesis approaches101. By realizing Fe2O3 nanoparticles into the cross-linked 
resin, Ziolo et al. developed a one-step method to disperse the particles within a 
polystyrene matrix by ion-exchange between the resin and iron-chloride water 
solution102. Recently, hydrothermal/solvothermal in-situ one-pot methods were 
also widely reported for the creation of core/shell nanocomposites. For example, 
the Fe3O4/PMMA nanocomposite with great superparamagnetic property was 
synthesized by Cao et al.103 Although numerous research groups have 
investigated the hydrothermal method, only a few studies was focused on bulk 
polymers. Furthermore, Guan et al. reported a bulk sample of ZnS-reinforced 
polymer composites, and achieved an amazing transparent property as shown 
in Fig. 2.8a and their HRTEM is also displayed in Fig.2.8b104. The ZnS NPs 
were mixed with some kinds of monomers like DMAA (N,N-dimethylacrylamide), 
St(Styrene), DVB(Divinylbenzene), etc. and after the heating AIBN 
(Azobisisobutyronitrile) treatment process, the surface modified ZnS NPs were 
formed inside the polymer matrix. The HRTEM image of ME@ZnS NPs shows 
the homogenous distribution of ZnS in the polymer matrix. 
 
Fig. 2.8. Sketch of the preparation process of ME@ZnS nanoparticles, and b. 
TEM and SAED pattern of the ME@ZnS nanoparticles104 
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Owing to its versatile and controllable features, the sol-gel method is emerging 
as and becoming a common route for the in-situ synthesis of nanocomposites 
or hybrid nanoparticles from 1971, in which both filler nanoparticles and the 
resin matrix can be formed at the same time105. Fendler et al. prepared an iron 
colloidal solution first, and then mixed it with polypyrrole (PPy)106. After the 
polymerization process, a uniform nanocomposite was achieved, which has 
great potentials as a range of electro-conductive polymer composites. Chang et 
al. reported an in-situ sol-gel spin coating method107. By using PMDA-ODA/SiO2 
and the polyamic acid, they prepared a polyimide-silica hybrid nanocomposite 
thin film. In addition, Xiong and co-workers modified this method by controlling 
the water content and pH values, and they obtained an organic–inorganic hybrid 
resin by mixing the TiO2 sol and dissolved acrylic resin108.  
After the precursor synthesis process, re-agglomeration can still occur owing to 
the Van der Waals attraction of molecules109. The main challenge in 
nanocomposites preparation is to obtain a good dispersion of fillers into the 
matrix and a strong bonding between them. Although numerous investigations 
have attempted to eliminate this issue, only a few highly successful reports 
have been documented for high filling contents in nanocomposites. The other 
challenge is to disperse the nanoparticles into different polymer matrix with 
homogeneous distributions, and also to achieve an highly even polymeric 
crystallization structure with good interfaces. 
 
2.3 Carbon materials reinforced polymer nanocomposites 
Polymers and their derivative carbon reinforced polymeric composites have 
been applied in many industrial sectors, including airplane, motor-vehicle, 
aerospace, industry, biomedical prosthesis, structure supporting and 
infrastructure materials110-114. This originates from their high specific tensile 
strength, light-weight and extraordinary durability etc. Various CNT-reinforced 
polymer composites have been studied before, such as epoxy (Bal et al.), 
thermoplastics (Coiai et al.), gels (Liu et al.) and poly(methyl 
methacrylate)(PMMA) (Yeh et al.)115-118. We summarised the recent advances 
in this area. 
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2.3.1 CNT-reinforced polymer nanocomposites 
Since Iijima et al. found the CNTs in 1991, CNTs became the star materials, 
owing to their amazingly high mechanical and electrical properties8. And the 
Ajayan et al. first had reported CNTs reinforced polymer composites in 1994119. 
Meanwhile, there are two types of CNTs, single-walled nanotubes (SWNTs), a 
single graphitic carbon sheet wrapped into a cylindrical hollow tube, and multi-
walled nanotubes (MWNTs) consisting of a stack of concentric SWNTs, 
respectively, as shown in Fig. 2.9120. 
Inside a CNT, all the carbon–carbon bonds are sp2-hybridized, which 
possesses a nearly defect-free structure of the carbon atoms. The π-π bonding 
between adjacent carbon atoms demonstrated a very high tensile strength, 
stiffness, as well as high electric conductivity, which have been confirmed by 
both experimental studies and theoretical simulations. 
There are two main mechanisms for the fabrication of CNT reinforced polymer 
composites: 
a) Physical bonding (Weak Van der Waals bonding) 
b) Chemical bonding (Surface modification of the CNT adhere to polymer matrix) 
A wide range of studies has concentrated on utilizing CNTs as a filler in polymer 
composites, and the results have shown a substantial improvement in the 
thermal conductivity, anti-corrosion resistance and most of the mechanical 
properties including tensile strength, elasticity, hardness and Young’s modulus, 
although the toughness and ductility have been reported to reduce in some 
cases. The ultrahigh electric conductivity of CNTs offers the opportunity for high 
electrical conductive polymer matrix, especially with aligned CNTs along certain 
directions. At much lower CNT loadings in polymer composites than 
conventional conductive fillers, the new composites showed great potentials for 
applications in electrostatic protection, shielding electromagnetic field, and 
engineering where specific conductive polymer are needed. 
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Fig. 2.9 Structure of a SWNT and a MWNT120 
2.3.2 Carbon@NPs reinforced polymer composites 
Recently, carbon membrane material, especially graphene, has attracted 
remarkable attentions because of its outstanding mechanical, electrical and 
thermal properties that the  carbon coated NPs reinforced polymer ternary 
composites therefore quickly became a hot subject of research121.  
Because of the efficiency produce the graphene by mechanical exfoliated 
method or CVD synthesis method is low. And both techniques are not viable for 
composite fabrication122-125. A typically saleable procedure to produce graphene 
has been derived from the graphene oxide reduction method. As shown in Fig. 
2.10a, the isolated GO flakes were introduced into the polymer matrix, further 
by reduction process to form the rGO inside the polymer matrix. Fig. 2.10b. the 
in-situ images corresponding to the sketch of fabrication process. Fig 2.10c. the 
EBSD pattern for the rGO/PVDF nanocomposite126. The thickness and lateral 
dimensions of the resulting graphene are highly depending on the use of 
appropriate approaches. Several methods have been described, such as rapid 
heating, microwave or sonication treatment after acid washing procedure. 
These types of graphene are low in electric conductivity compared with other 
types of graphene, however they offer a practical solution for their large-scale 
applications in composite fabrications. 
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Similar to CNT-reinforced polymer nanocomposites, the graphene-reinforced 
polymer nanocomposites are also based on two main mechanisms.  
a) Non-covalent bond with in-situ polymerization (Non-covalent dispersion 
methods) 
b) Covalent bonds (Graphene Oxide (GO) bonded with the polymer matrix) 
 
Fig. 2.10 a) Scheme of compositing process of in-situ polymerization bond with 
rGO (Isolated GO flakes were introduced into the polymer matrix, further by 
reduction process to form the rGO inside the polymer matrix); b) the in-situ 
images corresponding to the sketch of fabrication process; c) the EBSD pattern 
for the rGO/PVDF nanocomposite126 
 
In this project we applied the novel nano-onion structure material IF-WS2, the 
special carbon coating technique and the high performance polymer PEEK 
together to make the new ternary polymer nanocomposite. 
2.3.3 Limitations and challenge 
Both CNT- and graphene-reinforced polymer nanocomposites are believed to 
be the promising material for future engineering. However, there still various 
challenges need to be tackled. On one hand, the interface interactions between 
the polymer and filler need more direct investigations to elucidate what exactly 
happens and to achieve the ideal interface structure. On the other hand, 
agglomerates or bundles of nanofiller, such as CNTs and graphene, may 
severely limit the full improvement potentials for the composites in their 
performance. In order to counter these two challenges and to optimize the 
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properties of polymer nanocomposites, improvements of dispersion and proper 
surface functionalization require further investigations.  
 
Part-II Inorganic fullerene tungsten sulphide (IF-WS2) and 
polyetheretherketone (PEEK) nanocomposites 
2.4 Structures of metal dichalcogenides nanoparticles  
2.4.1 Crystal structure of layered WS2  
Recent reports have shown that different sorts of metal dichalcogenides MX2 (M 
= Mo, W, Zr and Ti. and X = S and Se) have the similar structure of stacking 
hexagonal shape layers, as shown in Fig. 2.11, reported in Science in 1987127. 
In a graphite structure, the in-plane atomic layers form the basic unit as a 
hexagonal honeycomb cell, which has the strong covalent bonds between the 
in-plane atoms. Whereas a related weak Van der Waals force (dashed line 
between each plane) forms the bond between each adjacent layer. Similar to 
the graphite structure, MX2 compounds also exhibit the hexagonal honeycomb 
cell structures, however each layer consists of a ‘sandwich-like’ unit cells with 3 
stacked atomic planes. For example, the 2H-WS2 is a typical form with this 
‘sandwich-like’ structure. Each unit cell is composed of one middle plane of W 
atoms and other two outside planes of S atoms, forming S-W-S. As a result of 
this stacking sequence, the metal dichalcogenide has two main different crystal 
structures: 2H hexagonal and 3R rhombohedral polymorphs28, 128. Compared 
with the 3R polymorph, the 2H hexagonal structure has the continue sequence 
of BaBBaB in the crystal, which is one of the most stable phases for these sorts 
of compounds.  
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Fig. 2.11 Different atomic structures of metal dichalcogenides and graphite 
structure. a. 2H hexagonal WS2 structure has the continue sequence of 
BaBBaB in the crystal; b. classical Graphite ABA structure127 
 
After Geim and Novoselov at el. successfully discovered graphene, similarly 
stable and graphene-like MX2 have also been investigated at a few layers 
level11. Ramakrishna Matte et al. reported the only 2 or 3 layers of MoS2 and 
WS2 with graphene-like structure by using the intercalation and exfoliation 
methods129. As shown in Fig. 2.12, the thin layer of WS2 sheet was clearly 
displayed with the bright colour in the AFM image, followed by height 
measurement with only around 1 nm in thickness, which demonstrates the 2 
layers of the WS2 sheet. Akin to graphite, bulk forms of MX2 are also known for 
their good lubricating properties. Furthermore, graphene-like nanoflakes of MX2 
have also shown excellent catalytic performance in oxygen evolution reaction 
(OER) and/or the hydrogen evolution reaction (HER). Even though the other 
properties of graphene-like MX2 nanoflakes have yet to be fully confirmed, 
these materials have a good potential to be used as nanofillers to reinforce 
various matrices to fabricate advanced nanocomposites.  
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Fig. 2.12 AFM image of graphene-like WS2 sheet. (The thin layer of WS2 sheet 
was clearly displayed with the bright colour, followed by height measurement 
showed 1 nm in thickness, which illustrates the WS2 sheet only has 2 layers)129 
 
2.4.2 Structure of inorganic fullerene (IF) WS2 
Similar to the structure of carbon allotrope, dichalcogenides exist equivalent 
structures to fullerenes and CNTs. Because these structures contain no carbon, 
they are called inorganic fullerene (IFs). As shown in Fig. 2.13a, the typical IF-
MS2 named IF-WS2 could arrange the seamless nano spherical structure130. In 
Fig. 2.13b, a clear HR-TEM IF-WS2 nano hollow-onion structure with lattice 
distance of 0.62 nm is shown131. Generally, the size of the synthesised IF-MS2 
is always below 200 nm, due to thermodynamic reason. Otherwise, it is easier 
to form the more stable structure of nanoplate MS2. Moreover, compared with 
the multi-walled structure, the synthesis of single-walled IF-MS2 structures is 
possible only theoretical. Because the basic structure of MS2 is the 2H and 
shown in Fig 2.11 and it is cannot realize single layer IF-MS2 unless applied 
some templates132. To date, the multi-walled IF-MS2 are used in both industrial 
and laboratory experimental applications. The novel structure of IF-MS2 has 
shown excellent lubricating properties and been considered as an alternative 
lubricant for their flake forms of MS2, due to their extra rolling mechanism to 
reduce friction. These new IF-MS2 nanoparticles also have high specific surface 
areas, therefore they can be potentially used in hydrogen storage technologies.  
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Fig. 2.13 Scheme of IF-WS2 and HRTEM images of IF-WS2 nanoparticles130, 131 
 
2.5 Preparation of IF-WS2 nanoparticles 
So far, there are diverse approaches for the synthesis of IF-WS2 nanoparticles, 
however the effective method that are suitable for scalable manufacturing is 
quite limited. Four main strategies for IF-WS2 nanoparticles production will be 
summarised here133. 
2.5.1 Gas-phase reaction 
In the gas-phase reaction, IF-WS2 (or INT-WS2) structures can be achieved by 
reacting H2S with various vaporised tungsten-containing chemicals, such as 
WCln (n=4, 5, 6) at high temperature. As shown in Fig. 2.14, Margolin et al. 
have shown that the reducing H2S gas and the protective gas N2, will carry the 
precursors of WCln into the reactor, where they will react with H2S to form the 
final products which can be collected from the other side of the reactor134. 
Recently, the mechanism of forming IF-WS2 from a diverse range of WCln has 
been studied intensively, and it is found that WCl4 and WCl5 are the most 
suitable precursors to produce IF-WS2 nanoparticles.  
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Fig. 2.14 Scheme of gas-phase reaction reactor and the synthesis path of the 
IF/INTs-WS2.134 
 
2.5.2 Chemical vapour deposition (CVD) 
The tungsten source from the WCln gas phase can be oxidised to form solid 
state WO3, and then to react with either S or H2S, so that IF-WS2 (or MoS2) 
nanomaterials can be synthesised during these reactions. This process is 
named as the CVD, which has nowadays been used for numerous 
nanomaterials synthesis. However, CVD carried out normally in a static furnace 
reactor, and agglomeration, sintering and incomplete or non-uniform formation 
are often observed. Tenne’s group created a static reaction setup with multi-
tube combination system, as shown in Fig. 2.15 for the static reactor. A set 
bundle of tube reactors (Diameter 7mm) are placed in the one large tube 
(Diameter 40 mm) and it can produce about 1 g IF-WS2 per batch135. This 
method attempts to gain the production by simply adding the number of reactors 
in the per unit time.  
To counter these challenges, Feldman et al. and Tenne from the same Israel 
research group created a vertical heating furnace synthesis system with a 
falling bed reactor, where the temperature profile is along to the vertical axis 
and it can significantly improve the yield of the IF-WS2136, 137. In this design, the 
gas (N2) feeding system for the precursor of WO3 can be applied by the gravity 
effect and realized the semi-continuous production, as shown in Fig. 2.16a. 
Based on the same principle, the fluidised bed reactor was also created and 
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displayed in Fig. 2.16b. Furthermore, Feldman et al. reported a similar work in 
which can synthesise IF-MoS2 nanoparticles with size ranging from 20 to 80 nm, 
at 800 to 950°C. Increasing the reaction temperature above 900 °C would lead 
to some open-ended INT- MoS2 structures, rather than IF structures. Because 
the sulfuration reaction occurred on surface of the WO3 particles, where the 
higher reaction temperature is, the higher surface activated energy will be. The 
contacted WO3 particles are easier to form the tube structure.  
 
Fig. 2.15. The cross-section of the multiple bundle of static tubes setup for IF-
WS2 synthesis135. 
 
Xu et al. further developed a rotary chemical vapour deposition (RCVD) method 
(Fig. 2.17)138. The key feature of the RCVD, as implied by its name, is the rotary 
motion introduced into the reactor so that constant physical movement will help 
to disperse the raw precursors thereby achieving complete and uniform 
nanostructures without varying about the sintering effect. Further, the furnace 
can be added with a specially designed feeding and collecting system while 
rotating, to realise continuous manufacture. The pressure for all experiments is 
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just remained the positive pressure, which is a little bit higher than the 
environment outside. In the RCVD process, the precursor particles of WO3 were 
blown into the reactor continuously by N2/Ar carrying gases. Then the H2S and 
N2/Ar mixture gas will be fed in to participate in the reaction between H2S and 
WO3. The typical reaction temperature ranges from 750 to 900 °C, with a 
controllable heating period of 30 to 120 min. At the end of the reaction, IF-WS2 
nanoparticles were deposited at the end of the collection part of the long 
reaction tube. Depending on the raw precursor, the size of the IF-WS2 
nanoparticles was tuneable, typically around 50 nm. 
 
Fig.2.16. Schematic images of: a. falling bed reactor; and b. fluidised bed 
reactor136, 137. 
 
Fig. 2.17. A schematic of the RCVD system138. 
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2.5.3 Metal organic chemical vapour deposition (MOCVD) 
The metal organic chemical vapour deposition (MOCVD) is a modified CVD 
method, defined by the use of the typical metal hexacarbonyls precursor type. 
These metal organic precursors react with chalcogenides in a protective gas 
environment to form new materials139. Compared with metal-halides (MCl), 
metal hexacarbonyls have relative lower melting and boiling points140. 
Consequently, they can be easily evaporated under heating. Chung et al. 
demonstrated the use of MOCVD to produce WS2 thin films. In a typical process, 
the W(CO)6 powders were evaporated first in a bubbler139. Then, the resulting 
vapour was delivered into a quartz reactor by Ar or N2 mixed with H2S gas flow. 
A Si substrate was placed in the middle part of the quartz tube reactor, which 
was heated to around 600 °C by a halogen lamp. After the W(CO)6 was 
completely reacted with H2S, a thin layer of well-crystallised WS2 on the Si 
substrate resulted in. The orientation of the crystals in the product exhibited two 
modes: parallel to the basal planes of the substrate and nonparallel. The 
thicknesses of the WS2 thin films was controllable by tuning the reaction time 
(1.5 to 5h), ranging from 65 to 350 nm. 
Using similar technique, other research groups reported thin films of WSe2, 
MoS2, MoSe2, even without the use of a substrate141-143. A modified process by 
using mixing Mo(CO)6 and S powders to react in a sealed stainless-steel 
container at 750°C for 1 to 3 h has also been documented. The average 
thickness of the final product ranges from 20 to 100 nm. However, this 
technique has less potentials in enlarged IF-MX2 synthesis, because of the cost 
of precursor. 
 
2.5.4 Other Methods 
Hydrothermal/solvothermal reaction  
The hydrothermal or solvothermal technique is a common route for the 
production of uniform nanoparticles, which utilises the condition of high-
temperature and high pressure within certain solvents. This approach can be 
classified into two types, dependent on the choice of the solvents: the water-
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based solvent-hydrothermal synthesis and the non-water-based solvent-
solvothermal synthesis144, 145. In this versatile technique, different types of 
reactant solution can react together in a sealed vessel under high temperature 
therefore pressure conditions, which can arrive a few times higher than the 
normal boiling point of the solvents under ambient pressure. Due to the entire 
sealed system can prevent the evaporation of solvent out of the vessel, high 
pressure will be created inside the container. By combined the advantages of 
both high temperature and high pressure together, this technique has been 
used to generate many homogenous novel nanoparticles. 
The MX2 can be produced by decomposing from the precursors of analogue 
metal chalcogenide. To synthesise MX2 by using the hydrothermal method, 
(NH4)2MS4 have been chosen due to their great water solubility and contained S 
source. Taking MoS2 as an example, we briefly show how this was carried out 
by using (NH4)2MoS4 as a precursor. Firstly, (NH4)2MoS4 and Na2S2O4 were 
mixed completely with thioacetamide under an ammonia environment. The 
mixture was then transferred to and sealed in an autoclave with a Teflon liner 
vessel, followed by heating to 180 °C for 1 h. Finally, the resulting product 
showed a novel flower-like structure, with sizes ranging from 200 to 1000 nm. 
These flower-like MoS2 consisted of tens of hundreds of the self-assembled 
petals growing in all directions. Furthermore, each petal displayed the nanoflake 
structure with size around 100-200 nm and thickness of 5-10 nm approximately. 
Similarly, the WS2 nanoflowers could be synthesised by using (NH4)2WS4, 
NaBH4, pyridine and trioctylamine. Moreover, nanoflakes could be prepared 
from nanoflowers by annealing them at 850 °C, and discrete WS2 would be 
resulted. 
Although the hydrothermal method had been applied to synthesise a wide range 
of metal chalcogenide materials, only a few investigations had been focused on 
the IF-MX2 production. Because the structures of folding and recrystallization 
involved in the IF-MX2, higher demand for energy would be required as 
compared with flake formation.  
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2.6 The mechanism of IF-WS2 growth 
After a few decades of exploration, the understanding of the mechanism for the 
formation of IF- MX2 nanoparticles from their corresponding oxides reacting with 
H2S is quite clear. Fig. 2.18 explains the conversion of MoO2/WO3 to their 
corresponding IF nanoparticles, with three main steps135.  
Taken the IF-WS2 as sample and shown in Fig. 2.18b. Firstly, the surface of a 
metal oxide will be reduced to its corresponding state of sub-oxides rapidly, and 
this process just lasts for a few seconds, or even less. In the case of WO3, the 
surface atoms of WO3 react with H2S at high temperature to form a closed WS2 
thin layer immediately sheathing the remaining oxide core. This newly formed 
WS2 layer is chemically stable, therefore it tends to prevent the surface of 
neighbouring nanoparticles from merging together and growing into larger 
particles.  
Secondly, because of the heating process, the inner WO3 oxide cores will 
further reduce to W18O49, and this stage lasts for a few min. After this reduction 
process, the WS2-encapsulated W18O49 core is formed, the very thin and tiny 
WS2 crumbles to create reactive dangling bonds which promote the WS2 layers 
thickening simultaneously. As a result, the final product will be IF-WS2, instead 
of 2H-WS2 structures. 
Thirdly, the sulphidation process of the oxide core is by gradual sulphur inwards 
diffusion, to form the inner layers of the IF-WS2 spherical/polygonal structure. 
Depends on different sizes of the raw nanoparticles and the reaction 
temperatures, the required reaction time varies from 30 min to 3 h. For WO3 
nanoparticles with typical sizes < 100 nm, the reaction time is 1 to 2 h. Because 
of the stable WS2 shell formed outside the initial WO3 during the first stage, the 
final size of IF-WS2 is thus pre-determined by that of the precursor. Meanwhile, 
the density difference between the WO3 and the WS2 will also leads to a volume 
shrinkage internally, hence resulting in hollow IF-WS2 nanoparticles, with 5-10% 
of the total volume of the particle being hollow.  
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Fig. 2.18 Illustrations of the growth mechanism of IF structure from their 
corresponding precursor oxides. A. MoS2 and B. WS2135. 
 
2.7 Properties and applications for IF-WS2  
2.7.1 Mechanical properties  
The bending and tensile properties of the INT/IF-WS2 have been reported, and 
an individual INT-WS2 has shown a very high bending modulus of ~217 GPa 
which was measured by using an electric-field-induced resonance method. A 
high-resolution SEM electron microscope image (HR-SEM) in Fig. 2.19 shows 
that an INT-WS2 was bent when compressed against a Si wafer146. 
In contrast, the tensile testing can be applied to the WS2 NPs (Fig.2.20a). The 
tensile stress-strain plots clearly show the individual INT-WS2 elastic 
deformation, which allows to calculate its mechanical properties147.  
As the slope of the stress–strain curve shown in Fig. 2.20b, the tensile strength 
is about 20 GPa and strain at 8.5%, and calculated the ultimate elastic Young’s 
modulus is approximately 235 GPa147. 
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Fig. 2.19 HR-SEM image of a bent INT-WS2 compressed against a Si wafer146 
 
Fig. 2.20 a) HR-SEM image of a tensile test of an INT-WS2, and b) the 
corresponding stress–strain curve147 
 
2.7.2 Tribological property 
Due to the hollow cage feature and the graphite-like layered structure of IF-MX2, 
they have shown stunning lubricating performance, compared with their 2H 
flakes or bulk form. These novel materials could have 3 different modes of 
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friction, as shown in Fig. 2.21, rolling, sliding and exfoliation, respectively148. 
Therefore their properites are considered as an ideal lubricating material. Many 
studies have recently reported the great lubricating performance of INT/IF-MX2, 
and in 2008 the use of IF-WS2 as a core additive in commercial lubricating oil 
was realized134. These nanoscale additives could bring in distinct advantages in 
lubricating oil. First, the small size of the IF-WS2 particles makes them easier to 
be dispersed in oil to form a stable and homogenous suspension, compared 
with the larger sized flakes. Moreover, the nano-lubricant could easily gain 
accesses into the gap between the wear couples than larger particles131.  
Agglomeration of the nanoparticles in oil remains a big issue, since it affects the 
dispersal ability and the product shelf-life, particular at higher concentration. 
Several attempts based on surface modification have recently been reported to 
counter this issue. For example, the alkyl-silane or alkyl-amine chains were 
attached to the surface of IF-WS2, resulting in improved solubility in certain 
solution.  
 
Fig. 2.21 Three main friction mechanisms for IF-WS2 nanoparticles: (a) rolling, 
(b) sliding, and (c) exfoliation148. 
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2.7.3 Shock absorbing properties  
When a projectile is launched and hits a sample at high speed, shockwaves will 
be generated and propagate within the target sample. Meanwhile, the high 
shockwave pressures transmitting though the sample will also cause concurrent 
high temperatures. Using shock recovery experiments, Zhu and his co-workers 
have first reported the superb shock absorbing performance of IF-MX2 
nanoparticles, especially the IF-WS2149. The particles have survived 
temperatures closing to 1000 °C under a shockwave pressure of more than 25 
GPa. They have also demonstrated that the IF-WS2 nanoparticles are the 
toughest caged molecules in this world. Also, the spherical caged structures 
can persist against a static pressure up to 30 GPa150. 
Fig.2.22 briefly demonstrates the shock recovery experiment151. Firstly, the 
sample was fully filled in the middle of the capsule with steel spacer. Secondly, 
a plastic projectile with steel impactor head was applied to hit the sample. 
According to the principle of restriction of thermal diffusive speed, this decay 
time of thermal transmission through the sample will take much longer than the 
time of shockwave spread in the sample. Therefore, this is an in-situ technique 
to identify the material shock recovery property, without the impacting heat 
influence. 
 
Fig. 2.22 A single-stage gun assembly of the shock recovery experiment for IF-
WS2 nanoparticles against the high shockwave pressure149. 
 
Based on the results of a series of high pressure shock recovery experiments, 
Zhu et al. proposed two possible destructive mechanisms for the IF-MX2 
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nanoparticles151. The first one is the direct stress-induced breakage failure, and 
the other is the diffusion-controlled oxidation. These two modes either appear 
separately or combined together. In addition, several different factors will affect 
the likelihood damage of the IF-MX2 nanoparticles under strong shockwave 
impacting. First one is the inner oxide residue core (Fig. 2.23a), the uncomplete 
reaction will form a uneven structure which reduce the shock recovery ability. 
And for the exterior edging geometry (Fig. 2.23b), it will concentrate the force 
into the angle of the surface and damage the particle. Moreover, the overall 
dimension (Fig. 2.23c) will lead the shape of the particle not to form a perfect 
sphere structure and reduce the property. They have further concluded that the 
best anti-shock IF-WS2 structures are the perfectly spherical particles with the 
small size and completely hollow core. These findings have shown huge 
potentials for ballistic armoury applications. These materials not only offer great 
shock absorbing performance to protect against high temperatures and high 
dynamic pressures, but also could stop bullet penetration being tough materials 
themselves. Indeed, they have recently further verified the shock-absorbing 
performance in an Al matrix composite, which could turn the IF-WS2 nano-
armour science fiction into an engineering reality. 
 
Fig. 2.23 Illustration of the likelihood damage of IFs under shockwave pressure. 
a) the uncomplete reacted oxide residue core will form an uneven structure; b) 
for the exterior edging geometry, the angle of the surface may easily damage; c) 
the overall dimension particle has always not the perfect sphere structure151 
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2.7.4 Thermal properties of IF nanoparticles 
There are numerous of reports about the thermal stability of IF nanoparticles 
and nanoflakes of WS2, MoS2 and NbS2 etc., which are surveyed by TG-DTA 
under oxidising and inert atmospheres respectively152, 153. The results have 
showed that MX2 nanoflakes have higher thermal stability than their 
corresponding IF forms, whereas the decomposition temperatures exhibit a 
similar trend for all MX2 nanoparticles. For example, the IF-WS2 decomposition 
temperature in open air is around 350~400 °C, and approximately 1350 °C 
under N2. The size of the particles shows almost no influence on the 
decomposition temperature. After decomposing in inert gas atmosphere, the 
original IF-WS2 nanoparticles initially became a mixture of 2H-WS2, W and 
W18O49, and finally were all converted to nanoflakes. This result indicates that 
the IF structures do not have the same stability as the flakes at high 
temperatures.  
 
2.8 PEEK (Poly ether ether ketone) and its relevant composites 
2.8.1 PEEK (Poly ether ether ketone) 
In the past decade, the fast-growing needs for advanced materials promote the 
development of high performance polymers, towards a diverse range of 
applications for aerospace, automotive, and microelectronic industries. High 
glass transition temperatures, toughness, anti-oxidative and thermal stability, 
and low dielectric constant are the main requirements for high performance 
polymers. As a semi-crystalline thermoplastic polymer, poly(ether ether ketone) 
(PEEK) is one of the excellent candidates to meet those requirements, 
belonging to the polyaryletherketone (PAEK) family154-157. It was first 
synthesized by the Imperial Chemical Industries (ICI) in the beginning of 1980s. 
The outstanding mechanical properties show almost 100 MPa for tensile 
strength and over 3GPa for Young’s modulus. Further stable chemical 
properties, such as relative high melting points (~343°C), lower thermal 
conductivity rate and anticorrosion of strong acids in high temperature, make 
this material really promising. 
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Generally, polymer of PEEK is synthesized by the step-growth polymerization 
process of alkylated bisphenolic salts. The typical chemical synthesis process of 
PEEK is shown in Fig. 2.24 with the reaction between the 4,4'-
difluorobenzophenone and hydroquinone disodium. This reaction can react 
around 300 °C in some polar aprotic solvents, like NaF157. 
 
Fig. 2.24. The typical chemical synthesis process and structure of PEEK157 
 
2.8.2 CNT, Graphene and Metal oxide reinforced PEEK composites 
Novel PEEK based nanocomposites with different contents have been 
investigated in the last few decades. Díez-Pascual et al. illustrated that the 
SWCNT-reinforced PEEK composites have considerably high storage modulus 
and glass transition temperature with very low CNT content158. Tewatia et al. 
prepared the graphene reinforce PEEK composites and investigated the 
specimens from powder to laser sintered. Apart from the tensile strength 
improvement, the porosity and maximum pore size relationship, which is 
increasing with amounts of graphene increase, was first demonstrated159. 
In addition, Díez-Pascual demonstrated that ZnO nanoparticles prepared by the 
cryogenic ball-milling and compressed moulding could achieve good dispersion 
in and interfacial adhesion with the polymer matrix, which significantly improved 
the tensile strength and Young's modulus to a maximum of 5.2 GPa160. 
Furthermore, he also reported that TiO2 nanoparticles reinforced PEEK was an 
outstanding implant material, with great biomechanical properties161. 
2.8.3 IF-WS2 reinforced PEEK composites 
To make PEEK even better and meet the requirements for more demanding 
applications, the combination of PEEK with various fillers to make advanced 
composites is a logical option. Given the merits of IF-WS2 nanoparticles 
discussed earlier, the combination of PEEK and IF-WS2 is thus very attractive. 
Naffakh et al. have reported the processing of novel PEEK/IF-WS2 
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nanocomposites, and obtained promising results only at IF-WS2 concentration 
of up to 2%162. In particular, Hou et al. in Nottingham have incorporated IF-WS2 
into PEEK coatings using an aerosol-assisted deposition, and their results 
showed a significant improvement during wear test, with over 60% reduction in 
the coefficient of friction at only 2.5% of IF-WS2 addition163. And they also 
attempted to prepare the 20 wt% loose coating outside the metal surface to 
reduce the COF significantly. However, for the bulk sample, at higher 
concentrations, nanoparticles agglomeration become severe164. This is a big 
challenge needs to be tackled. Further systematic characterisations are 
required in order to understand the interface structures between the PEEK 
matrix and the IF-WS2, and to achieve higher filler contents in the 
nanocomposites.  
2.9 Summary 
In this chapter, the recent studies of the carbon coating metal oxide and its 
corresponding polymer composites have been summarised, including the metal 
oxide coated CNT composites. Review on some the mechanical, chemical 
structure and properties of INT and IF-MX2, especially the IF-WS2, has been 
undertaken. The crystal structures, synthesis and properties of the IF-WS2 were 
introduced. They are considered as idea solid-state lubricants and have further 
applications as lubricating additives and shock absorbing protective amour. The 
understanding of tribological mechanism is discussed and further study and 
improvement in these areas will be tremendously interesting. Therefore, my 
project is to link those novel nanoparticles into the new high performance 
polymer matrix, especially by using the PEEK. Their properties and related 
nanocomposites showed promising potentials either in mechanical applications 
or for thermal conductivity improvement. Last but not the least, the combination 
of IF-WS2 and PEEK to make composite could lead to super tribological 
property, exhibiting a great future. 
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Chapter 3. Experimental methodology 
3.1 Introduction 
In this chapter, the materials and generic methods applied to the synthesis of 
several types of carbon-coated (C-coated) nanoparticles and techniques used 
to fabricate their derivative nanocomposites will be presented. In addition, the 
general techniques utilised to characterise the morphology, structure, and 
related properties of these nanoparticles and their polymeric matrix 
nanocomposites will also be described.  
3.2 C-coated nanoparticles preparation 
3.2.1 Materials 
All the metal oxide particles, including ZnO (100~200 nm, measured by BET), 
TiO2 (5~20 nm), CeO2 (~100 nm), Cr2O3 (~200 nm), ZrO2 (30~60 nm) and Y2O3 
(~50 nm), and styrene (analytical reagent 99.99%) were purchased from Sigma-
Aldrich. Other solutions such as ethanol and acetone (analytical reagent 
99.99%) were bought from Fisher-Scientific. Argon were purchased from BOC, 
UK. 
3.2.2 Rotary Chemical Vapour Deposition (RCVD) furnace 
The chemical vapour deposition (CVD) method had been applied to form the 
nano graphitic coating. To reduce the agglomeration, realize continuous 
manufacturing and achieve large scale synthesis of those NPs, we have 
developed a Rotary Chemical Vapour Deposition (RCVD) system by modifying 
the Xu’s method31, 138. We have added the liquid injection control part and 
improved the balance system to make it more practical. Further detailed 
associated with the construction, testing and refinements in this work are 
illustrated in Fig. 3.1a and b. Especially in Fig. 3.1c, the tiny pipe on the left side 
is the liquid injection tube which is connected to an automatic syringe pump. On 
the right side, the modified motorized roller with double rubber belt is applied to 
the original Al roller, which could improve the stability of the dynamic system. 
Additional information about the coating process is displayed in Fig. 3.1b. The 
vapour nano carbon fragments formed during the CVD stage will be deposited 
smoothly on the surface of the NPs with the mechanical rotary movement.  
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a. Sketch of the modified RCVD system 
 
b. Illustration of the C-coating processes during the RCVD synthesis 
 
c. Images of the RCVD system 
Fig. 3.1 The original/modified Rotary Chemical Vapour Deposition (RCVD) 
system 
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3.2.3 Preparation of C-coated NPs 
The C-coated NPs were synthesised by dispersing 10~50 g of certain NPs into 
100 ml ethanol under vigorous magnetic stirring for 1 h without any surfactant, 
followed by ultrasonic probe dispersion for 30 min. The resulting mixture 
suspension was first dried at 80 C in a long tube furnace (VecStar Ltd.) to 
obtain dry powder, which was then grinded into fine powders by using an agate 
mortar, and finally transferred into the inlet part of the long quartz tube (2-meter-
long with an inner diameter of 35 mm). The carbon precursor was prepared by 
ultrasonic mixing of acetone and styrene solutions with a volume ratio of 4:1. 
The reaction zone of the system was sealed by the designed rotary seals at 
both ends. The rotary system was heated under Ar flow of 100 ml/min, and 2 
ml/h of the carbon precursor was introduced into the reaction zone for 15 to 60 
min, at temperatures varying from 550 to 1000 oC (optimised temperature is 
about 800 oC), and then naturally cooled down to room temperature under Ar 
protection. The final chemicals were named as MOX@C-T, where the M = Ce, 
Cr, Zr, Y, Ti and Zn etc., X = 1, 1.5 and 2, and T represents the temperature 
applied. 
 
3.3 Fabrication procedure of Nylon 12 nanocomposites 
3.3.1 Materials 
In this thesis, the nylon 12 was purchased from EOS Ltd., German (Polyamide 
(PA) 2200, melting point (Tm) 178~180 oC, the particles size <0.1 mm, and the 
density of 1.01 g/cm3).  
3.3.2 MOX@C-Nylon 12 nanocomposites  
In order to demonstrate the processing potential of the C-coated metal oxides 
for reinforcing nylon 12 in nanocomposites, ZnO@C NPs were chosen as an 
example. Choosing nylon 12 as the matrix is due to its flexible processability 
and for the easy comparison with many existing literatures. A simple mixture re-
melting technique was used to create a thin composite film, which would allow 
us to carry out sufficient investigations to reach a convincing conclusion.  
In detail, the fabrication involved a few steps, as follows:  
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a) Wet-powder premixing 
A 1:1 mixture of ethanol and distilled water was used as the solvent to disperse 
the powders. ZnO@C NPs and nylon 12 powder were separately dispersed in 
100 ml of the solvent, followed by 1 h vigorous magnetic stirring. Then the two 
resulting suspensions were mixed together and subjected to powerful ultrasonic 
probe treatments for 15 min.  
b) Powder drying 
The well-mixed suspension was heated at 100 oC under vigorous magnetic 
stirring treatment for 1 h on a hot plate, in order to remove most of the solvent. 
Further drying at 120~140 oC in an oven for 24~48 h resulted in completely fried 
and well-mixed powders. 
c) Fabrication 
The mixed powders were transferred onto a glass slide, sitting on a hot plate, 
with a top surface temperature of 190~210 oC. After a few minutes, the powders 
were melted completely to form a thin film, and the glass slide was then moved 
away and cooled naturally. Upon cooling down, the thin film was easily peeled 
off from the glass slide, and the ZnO@C-Nylon 12 nanocomposite was resulted.  
 
3.4 PEEK matrix nanocomposites 
3.4.1 Materials 
Poly ether ether ketone (PEEK) was ordered from VICTREX PEEK Polymer 
Ltd., UK, model PEEK-450PF (10 um), with a glass transition temperature (Tg) 
of 147 oC, melting point (Tm) of 343 oC, and density of 1.32 g/cm3. The WO3 
NPs (30~80 nm) was purchased from Changsha Jinkangxin Chemical Ltd., and 
the Ar and H2S gases were purchased from BOC, UK. 
3.4.2 Preparation of IF-WS2 NPs and its C-coated NPs (IF-WS2@C) 
a) Synthesis of IF-WS2 NPs 
First of all, the IF-WS2 NPs were produced by the solid-gas reaction in the 
RCVDs, where the WO3 NPs were the precursor which reacted with H2S under 
Ar atmosphere. Upon the end of sulfurization process, the H2S gas was 
switched off and the furnace temperature was kept at 750~800 °C with the 
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rotary speed between 150~220 rpm. We also designed a spare collection part 
of the long quartz tube for the continuous synthesis. Further treatment was 
washing the resulting NPs with CS2 solution to remove the surplus S on the 
surface of the IF-WS2 NPs. 
b) Synthesis of IF-WS2@C NPs 
For the C-coating process, it was similar to the metal oxide coating process. 
The liquid carbon source (ratio of styrene and acetone is 1:4) was injected at a 
rate of 1.2-2.4 ml/h for 0.5~1 h, and the vaporised carbon source was carried by 
pure Ar into the hot zone at a flow rate of 100 ml/min. The obtained uniform 
nano-sized graphitic C-coated IF-WS2 NPs were named as IF-WS2@C-T NPs, 
where the T is the reaction time in minute. 
3.4.3 Fabrication procedure of IF-WS2/PEEK nanocomposites 
Taking the 4 wt% IF-WS2 NPs to reinforce PEEK matrix as an example, we 
demonstrate the synthesis procedure as below. 
a) Wet-powder mixing 
This step is similar to the fabrication of the MOX@C-Nylon 12 nanocomposites. 
In this case, 28.8 g of PEEK-450PF powder and 1.2 g IF-WS2 NPs were 
dispersed separately in a 75 ml 1:1 alcohol-water solution. After vigorous 
magnetic stirring for 30 min, the polymer suspension was then mixed with the 
IF-WS2 suspension, which was then subjected to ultrasonic probe treatment for 
another 30 min.  
b) Drying 
The well-mixed suspension was heated at 100 oC under continuous magnetic 
stirring for 0.5~1 h, to partly remove the solvent, and a complete removal of the 
solvent was achieved at 200~240 oC for 24~48 h in an oven.  
c) Fabrication 
The powder mixture was transferred onto a glass slide of 380 to 400 oC, sitting 
on a hot plate. As soon as all the powders were completely re-melted to form a 
uniform thin film, the slide was removed from the hot plate to cool down 
naturally, and the composite was then obtained. 
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3.4.4 Fabrication procedure of IF-WS2@C-PEEK nanocomposites 
For the C-coated IF-WS2 NPs to reinforce PEEK, a similar procedure was used 
as above, except that the mixed powder was dried in the oven at 160~180 C, 
overnight. 
3.4.5 Hot-press fabrication procedure 
For the tribological testing, we also prepared some block samples with the size 
2 cm × 2 cm × 1 cm by using the hot-press processing. The typical procedure 
for one complete hot-press circuit is 60 min, involving pre-heat process first, 
followed by the 2 min venting and 3 min pressing process in sequence with 15 
MPa pressure applied, ending with 15 min water cooling to room temperature. 
The operations were carried out at 400 oC. 
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3.5 Material characterisations 
In order to gain insight about the relevant morphology, structure, composition, 
crystallinity and interface feature, as well as to elucidate the growth mechanism 
of the resulting C-coated NPs and their nanocomposites, a combination of 
complementary characterisation techniques has been used in this thesis. X-Ray 
diffraction (XRD), transmission electron microscopy (TEM), Fourier transform 
infrared spectroscopy (FTIR) and Raman spectroscopy were used to investigate 
the structural features. Scanning electron microscopy (SEM), atomic-force 
microscopy (AFM) and X-ray micro-tomography (Micro-CT) were used to 
visualise the morphology; and energy dispersive X-ray analysis (EDS) and X-
ray photoelectron spectroscopy (XPS) were utilised to assess their elemental 
and chemical valence status.  
The thermophysical characterisation of the materials was carried out using 
thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) 
(TGA-DSC) techniques, to investigate the surface area, carbon content and 
thermal stability of the resultant materials. Thermal conductivity analysis (TC) 
was also used to study the composites. 
Selected mechanical properties including tensile, Vickers Hardness and 
tribological performance were conducted for the nanocomposites. A brief 
introduction of the principles of some of the instrumentations and facilities 
involved in this thesis will be described below.  
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3.5.1 X-Ray Diffraction (XRD)  
 
Fig. 3.2 Schematic of the Bragg’s law165. 
XRD is one of the most commonly used non-destructive techniques to 
characterise the crystallographic structure of powder or bulk samples165, 166. X-
ray diffractions take place when the reflected rays satisfy the condition of the 
Bragg’s law, where the interference comes from the structure planes with a 
spacing d (d is also called the inter-lattice spacing). In Fig. 3.2, the incident x-
ray can only be reflected by meeting the atoms in the lattice, and the reflection 
signal will contain the structure information by using the equation below. 
                               𝑛λ = 2𝑑𝑠𝑖𝑛θ                         (1) 
where n is any positive integer; λ is the wavelength, and θ the incident angle of 
the X-rays.  
The XRD patterns of the studied samples are obtained by plotting the angular 
positions and their peak diffraction intensities showing relative ratio between 
different structured phases. Particle size information can also be extracted from 
the diffraction patterns’ profile. By measuring the peak FWHM (Full Width at 
Half-Maximum) and using the Debye-Scherrer formula, one can estimate the 
particle sizes, from micrometer scale down to nanometer scale.  
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In this thesis, all XRD measurements, of either powder or composite thin film 
samples, were conducted on a Bruker D8 Advanced x-ray diffractometer. The 
machine was equipped with a Ni-filtered Cu Kα radiation (λ=0.154 nm), and was 
generally operated at a working current and voltage of 40 mA and 40 kV 
respectively. The scan ranging from 10 - 70 of 2θ with a step size of 0.05o was 
enough to obtain sufficient information for my project. 
3.5.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
Spectroscopy (EDS). 
 
Fig. 3.3 A schematic of the interaction between electron beams and the 
specimen167.  
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SEM is commonly used to study the sample surface morphology with much 
higher magnification than an optical microscope167, 168. Different from the optical 
microscope which is normally operated in ambient environment, the SEM is 
operated under vacuum condition. Displayed in Fig. 3.3 is a schematic of the 
SEM, in which an accelerated electron beam is focused by a series of electric 
field lenses which are consisting of the anode, condenser lens and objective 
lens, and it reaches the sample surface to allow interactions. Because the 
interaction between the electron beam and sample is quite complex, we classify 
the emitted electrons or rays as secondary electrons (SE), back scattered 
electrons (BSE), X-ray photons and Auger electrons, respectively. By 
investigating the signal of SE which is generated by the ionisation process, and 
its intensity distribution which is narrow and smooth, the surface morphology 
features of the sample can be detected in detail. BSE however can reveal the 
elastic scattering electron beam and reflect the different atomic numbers of the 
elements. Because of its high sensitivity to the atomic number (Z) of the 
specimen, the atom of a heavy element gives an intensive brighter signal than 
light elements. Therefore, BSE imaging is a very useful complementary 
technique for the identification or separation of phase distributions of known 
elemental compositions when visualisation is uneasy. To more accurately verify 
the exact elemental feature of a phase, Energy-dispersive X-ray Spectroscopy 
(EDS) mode can be used to analyse the X-rays produced from the interactions 
between the accelerated electrons and the target sample surface. EDS however 
has its limitation of detecting very light elements and of resolution which is 
determined by its micrometer scale beam sizes, although technological 
advances have made significant improvements recently. C or Be is normally the 
detectable limit for most EDS attached to SEM machines. Nevertheless, SEM-
EDS has the advantage to link the morphology, grains sizes, phases and 
quantitative composition features together. 
In this thesis, a Toshiba JSM-6390LV machine was used to appraise the 
powder and composite samples, and SEM images were acquired at 20 kV. An 
EDS, Oxford instrument Ltd. UK, was also applied to the research. 
For our work, there are two kinds of samples need to prepare for the SEM 
investigation. 
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Powders:  
Samples were prepared by dropping a small amount of powders on one side of 
the conductive carbon double tape which is pasted on the Ni/Cr sample holder 
by the other side. Left the holder into the gold/platinum scattering coating 
machine to coat 1~2 nm conductive layer to reduce the charge of electron 
beams, if required. 
Composites: 
The polymer composites are cut into 5 mm × 5 mm × 1 mm small cubic size and 
placed on the sample holder with double-sided sticky carbon tape. The coating 
processing is similar to the powder sample preparation, however it needs a 
relatively thick coating for the block samples, where the thickness is about 5 nm 
because of the low electric conductivity of polymer materials. 
To avoid obtaining the bad contrast imaging of the polymer and MOX@C or IF-
WS2 NPs composites, MOX@C-Nylon 12, IF-WS2/PEEK and IF-WS2@C-PEEK 
nanocomposites were detected using the BSE mode to show the distribution of 
the relatively heavier metal elements.  
 
3.5.3 Transmission Electron Microscopy (TEM) 
The resolution of a modern TEM has gone down to nanoscale, which allows for 
the visualisation of very fine crystal structures, grain morphology and orientation 
of a sample169, 170. TEM requires an electron transparent specimen to achieve 
high quality images, normally <100 nm for inorganic samples and thicker for 
polymeric specimens, because different from in an SEM that the electrons were 
reflected, the electron beam needs to go through the sample to form an image. 
Fig. 3.4 shows the typical layout of a TEM. On the top, an emitter generates 
electrons that are accelerated by the high acceleration voltage (100-200 kV for 
a standard TEM). 
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Fig. 3.4 A schematic principle of the TEM169. 
According to the de Broglie Relation, the electron wavelength is decreased 
significantly by increasing the beam travel speed, which leads to the detection 
of the sample with high resolution. The high acceleration voltage permits the 
high-speed electrons to penetrate the specimen effectively. In the imaging 
process, the electron beam passes the condenser aperture and the objective 
aperture, to create an image of varied signal intensity and contrast. Based on 
the location of the objective aperture, a bright field image or a dark field image 
(image of the specimen structure or diffraction patterns) can be acquired. 
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Selected area electron diffraction (SEAD) has applied to crystallographic 
analysis because the accelerated electrons show the wave-like property and the 
wavelength will be comparable to the space between atoms. The atoms in 
crystal will diffract the high energy electrons. The oxford instrument made EDS 
was also used during the TEM observation. 
A JEOL 1400 microscope and a JEOL 2100-F TEM microscope were used in 
this thesis, and both equipped with a LaB6 filament. The former was operated at 
120 kV to avoid polymeric sample damages, whilst the latter was operated at 
200 kV for general samples to achieve high resolution images.  
For powder samples, a tiny amount of the powder was dispersed into 5 ml 
ethanol and treated with ultrasonic bath for 15 min to achieve a uniform 
suspension. A few droplets of the prepared suspension were dropped onto a 3 
mm diameter holey carbon-coated Cu grid (250 mesh, Agar Company). 
For polymeric nanocomposite samples (both Nylon and PEEK composite), the 
images were obtained on the JEOL 1400 TEM, as these polymers are quiet 
sensitive to high energy electron beam and could be burnt during observation. 
The samples were cut on a microtome machine with a diamond blade into less 
than 100 nm thick thin films, which were then mounted onto bare copper grids, 
and dried in the oven at 70 oC overnight before testing. 
 
3.5.4 Raman Spectroscopy 
Raman spectroscopy is a powerful technique to evaluate the structural features 
of a sample by examining the vibrational, rotational, and other low-frequency 
modes171-173. Fig. 3.5 shows the schematic of how a Raman spectroscopy 
works. Different ranges of laser beams will excite different molecular interaction 
vibrations which can reveal the up or down shifts of their corresponding energy 
levels. When a beam of light hits the sample, most of the photons are elastically 
scattered and their frequencies are corresponding to the incident photons. This 
is also called the elastic scattering, and only a small fraction of photons (less 
than 1/100) is scattered with different frequencies, which are usually lower than 
that of the incident photons. A Raman microscope uses a pulse laser focusing 
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onto the surface of the sample, and by detecting the scattered light an image or 
spectrum profile can be obtained.  
 
Fig. 3.5 Schematic layout of a Raman spectroscope171. 
 
This project used a Renishaw-1000 Wooton-Under-Edge Raman microscope in 
this research. It has a 532 nm laser source, a 40× optical microscope objective 
lens, and is capable of a spectral resolution of 1 cm-1.  
 
3.5.5 Fourier Transform Infrared Spectroscopy (FTIR) 
For polymeric materials, the Fourier transform infrared spectroscopy (FTIR) is a 
useful technique for characterisation174, 175. It can detect the absorption or 
transmission through the sample to obtain a spectrum. Upon the infrared 
radiation penetrating through the sample, some of the electromagnetic waves 
will be absorbed by certain functional groups inside the samples. The resulting 
characteristic spectra of a sample can be recognised as a unique molecular 
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fingerprint. In Fig. 3.6, the infrared laser lights were modulated in the 
interferometer to be the coherent light, and after passing through the target 
sample in the sample chamber, the spectrum was obtained by the light detector 
at the end. 
 
Fig. 3.6 Schematic of the layout of an FTIR spectroscope174. 
The FTIR spectra were acquired by using an Alpha Bruker system in this thesis. 
The machine was operated in the range of 500 to 3000 cm-1 to acquire the FTIR 
signals. For the FTIR measurements, I used thin film disks of 2 mm diameter 
and 50 μm thick. 
3.5.6 Micro Computed Tomography Scanning (Micro-CT) 
Computed tomography can reconstruct the X-ray reflected signals into a cross-
section image of a real three-dimension object without damaging the original 
structure176. By stacking each cross-section image together, it recreates a 
virtual 3D-object. In Fig. 3.7, the X-ray will pass through the sample and display 
one set image on the detector with a certain cross-section, and by rotating the 
sample and assembling each image into a whole picture according to the 
designed computer system a 3D image will be created. As a non-destructive 
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method, the resolution of pixel size is depending on the light source and scan 
rates, from micro down to nanoscale.  
 
Fig. 3.7 A schematic of the principle of a Micro-CT (left) and a picture of the 
Benchtop Micro-CT 160 Xi scanner176. 
 
In this context, a Benchtop Micro-CT 160Xi scanner was utilised to investigate 
the porosity and the nanofiller distributions in the nanocomposites. Due to the 
light scattering effects of the heavy metal oxide fillers used in this thesis, 
although the dimension of the filler falls to nanoscale, it is possible to obtain a 
convincing particle distribution characteristic for the composites.  
3.5.7 Atomic-Force Microscopy (AFM) 
 
Fig. 3.8 A Bruker Veeco di-Innova AFM and its schematic principle177. 
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AFM is a convenient non-destructive technique for investigating the surface 
morphology of materials, and it can achieve longitudinal resolutions ranging 
down to nanoscale177. Between the AFM and a sample, a tiny sensitive probe is 
precisely controlled both vertically and laterally to scan along the target position 
area of the sample. By recording the interface forces between them, an image 
can be constructed. Four primary imaging modes can be classified, including 
the contact, non-contact, tapping and lateral force mode.  
In this thesis, a Bruker Veeco di-Innova AFM was used in the investigation, 
under the tapping mode. In Fig. 3.8, the tiny probe head was scanning the 
surface of the sample, and then the small movements caused by the surface 
undulation in the vertical direction were recorded by the laser light lever to 
amplify the signal change, and finally the physical signals were translated into 
the surface morphological image by the computer software.  
 
3.5.8 X-ray Photoelectron Spectroscopy (XPS) 
 
Fig. 3.9 A schematic of the XPS178. 
XPS is a spectroscopic technique that is used for non-destructive surface-
sensitive elemental analysis for a wide range of materials178. Fig. 3.9 shows that 
when the surface of a sample is excited by a monochromatic Al-Kα X-ray beam 
it emits photoelectrons whose binding energy can be recorded and measured 
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using an electron energy analyser. The emission is very shallow, with a depth of 
top 0~10 nm. The binding energies and peak intensities of photoelectron can 
determine changes of the element state and chemical valence on the surface of 
the sample.  
In this experiment, the XPS spectra were recorded on a VG ESCALab Mark II 
photoelectron spectroscope, at The University of Nottingham. An Al K-alpha X-
ray was used as the excitation source with a wavelength of 1486.6 eV, working 
at an emission current of 20 mA with anode potential of 12 kV. A 40× optical 
lens was involved, which can confirm and choose the certain testing area. The 
sample was cut into 0.5 ~ 1 cm2 in size which was placed to be analysed side 
up and X-rays were displaced onto the middle area of the sample to make the 
measurement accurate.  
 
3.5.9 Ultraviolet–visible spectroscopy (UV-Vis) 
Ultraviolet–visible (UV-Vis) spectroscopy detects the absorption or reflectance 
spectrum of a sample in the selected spectral region179. By measuring the 
intensity difference between the light before passing (Io) and after passing 
through the sample (I), an absorption spectrum can be recorded. Different light 
source depending on the wavelength can be used to achieve different range of 
spectrum, such as visible, near-ultraviolet and near-infrared.  
This technique is particularly applicable to carbon based materials, because 
both the π-electrons and non-bonding electrons (n-electrons) contained in the 
molecules can absorb the spectrum energy from the ultraviolet range to visible 
region. However, various excited molecules have photo emissions with different 
lower or higher energy, which can be marked as the fingerprint peak. Bother 
liquid or solid samples can be investigated using this technique. 
In this thesis, a liquid sample was measured. First, a small amount of nanoscale 
powder was dispersed into ethanol solution to create a very dilute suspension. 
After sonication to further disperse the particles in the solution, the suspension 
was investigated under the absorption mode. The wavelength ranging from 280-
700 nm was measured using a Jenway 6715 UV/Vis spectrophotometer. 
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3.6 Thermal property characterisation 
To investigate the carbon content, thermal stability and thermal conductivity of 
the resulting nanocomposites, a series of thermal physical properties can be 
obtained by the thermal analytical devices. 
3.6.1 Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) 
 
Fig. 3.10 The TGA SDT-Q600 machine (TA instrument). 
Thermal analysis can offer information on the thermophysical properties of a 
material. The most commonly used thermal analysis techniques are the 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), 
and they measure the mass and heat variations with changing temperature, 
respectively180, 181. The TGA shows the weight-temperature dependant feature 
of a material, whilst the DSC reflects the heat differences between the sample 
and a reference at various temperature points. They are powerful techniques to 
assess materials’ thermal stability, specific capacity, phase change, 
decomposition features, etc.    
In this thesis, a TGA Q600-SDT instrument was used in my investigations, 
which can obtain the DSC data at the same time. The main working part is 
displayed in Fig. 3.10 with 2 separable heating chambers (blue blocks) and 
ceramic gas guiding head to the MS if necessary (white one on the left). 
80 
 
For each testing, a sample of approximately 10 mg was heated from room 
temperature up to 800 °C, with a heating rate of 10 °C/min under an air flow rate 
of 100 mL/min. The resulting data points were analysed using the TA USA 
Instruments software, Universal Analysis 2000. 
 
3.6.2 Thermal Conductivity Analysis (TC) 
 
Fig. 3.11 A schematic of the Laser Flash Analysis (LFA) and the actual 
NETZSCH LFA 467 HypeFlash machine182 
In this work, a NETZSCH LFA 467 HypeFlash machine (Germany) was used to 
evaluate the thermal conductivity of different polymeric nanocomposites182. The 
Laser flash analysis (LFA) method can acquire the thermal diffusivity data for 
various materials, which measures certain portion of energy before and after 
passing though the target sample. Fig. 3.11 shows the infrared detector cooled 
by liquid nitrogen on the top to obtain the thermal signal. The machine records 
the accurate energy changes of the flash beam from the bottom flash lamp and 
reflector passing through the sample in different designed temperatures. 
Furthermore, we could calculate the thermal conductivity with density and 
thickness inputs. However, the thermal conductivity is strongly temperature-
dependent, because the thermal energy can be more easily transferred to heat 
to some extent. 
For those composite samples, MOx@C-nylon 12, IF-WS2/PEEK and IF-
WS2@C-PEEK were cut by a narrow band saw into 10 mm × 10 mm squares 
for the NETZSCH LFA 467 assessments. The surface and edge of the squares 
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were polished using mesh 600 sandpaper to achieve a thickness of ca. 0.5 mm 
to fit in one set of specimen holder. Prior to measurement, the samples were 
coated with a thin graphite layer via spraying graphite aerosol (200ml, 
GRAPHIT 33, Kontakt Chemie CRC Industries) onto them. 
  
82 
 
3.7 Mechanical property assessment and other. 
The mechanical property assessments refer to tensile strength, Young’s 
modulus, Vickers Hardness, as well as tribological performance, of both 
resulting Nylon-based and PEEK-based nanocomposites183, 184.  
3.7.1 Tensile test 
The tensile property assessments were conducted on a Lloyd Instrument EZ20 
universal tensile testing machine, using a load of 100 N. During the test, we 
applied a loading speed of 3 mm/min, and 5 test specimens were prepared for 
each sample of different concentrations of filler. The specimens were prepared 
to form a dog-bone shape, with a size of 50 mm × 5 mm × 2 mm. Prior to test 
following the ASTM D638 standard (1 mm < thickness < 14 mm, Gauge length 
25~50 mm), to ensure the consistency of the testing results, all specimens were 
polished by using 600 mesh sandpapers to remove obvious surface defects. 
The tensile test can lead to the ultimate tensile strength, Young’s modulus, and 
strain information of the specimens.  
3.7.2 Vickers Hardness test 
Bulk composite samples with a size of 35 mm × 25 mm × 5 mm were used to 
evaluate their hardness feature, A Leco V-100-AZ Vicker Hardness Tester was 
utilised in this context, because the Vickers Hardness testing has a large 
measurement range therefore it is especially suitable for polymer-based 
materials. A load of 500 g and a dwell time of 25 s were the test parameters. 5 
repetitive measurements were recorded at room temperature for each specimen. 
3.7.3 Tribological performance 
A self-made rotary plate tribology testing machine at X-AT laboratory was used 
to appraise the tribological performance of the composites. The samples were 
cut into the size of 2 cm × 2 cm ×1 cm from the hot-pressed blocks which were 
finished by polishing using the 600-mesh sandpapers. The testing conditions 
were as follows: applied load, 200 N; linear testing speed, 2.70 m/s (500 rpm); 
testing time, 10 min; testing environments, ambient (20-25 ºC); lubricating 
condition, dry wear. The test for each sample was run at least 3 times. 
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3.8 Electrical conductivity measurement 
The condensed bulk is prepared by using a small bench top press machine with 
loading of 15 tons in the mould, which is 20 mm in diameter and the pressure is 
applied to 50 kN. After measure the height of the specimen, connecting two 
copper sides with a multi-meter to each side individually, for 5 times. 
 
3.9 Summery 
The materials, experimental procedures and the equipment for the C-coated 
nanoparticle and the nanocomposite fabrication were described in the early part 
of this Chapter. The key techniques, as well as their working principles for the 
characterisation of morphological, structural and compositional features, have 
been introduced. Further techniques to appraise the thermophysical properties 
such as thermal stability and thermal conductivity of the nanoparticles and 
nanocomposites have also been discussed. Finally, the generic methods to 
evaluate the mechanical properties of the composites, in addition to the sample 
preparation methods, have been summarised.  
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Chapter 4. Synthesis of carbon-coated metal oxide (MOX@C) 
nanoparticles  
4.1 Introduction 
As one of the most studied materials, new structures of carbon have attracted 
enormous research interests owing to their excellent thermal, mechanical, 
optical and electrical properties. These properties provide great potentials in the 
fields of solid lubricants, supercapacitors and battery electrodes, nanodevices 
and composites for engineering applications53, 64, 80, 185, 186. Metal oxides have 
super hardness and richness in material choices owing to their highly thermal 
and chemically stable features. They have been widely applied in catalysis, 
photoluminescence, composites, thermal-resisting, semiconducting industries, 
and in surface protection from acid and alkali corrosions. The joining of carbon 
and metal oxides could therefore combine the advantages of both materials in 
terms of their chemical, physical and mechanical properties, and therefore the 
investigation into such combinations in the bulk quantity of nanomaterial forms 
will be the subject of this chapter. 
In this study, we will investigate the full potential of the RCVD process, extend 
and explore the C-coating in a wide range of interesting micro- or nano-sized 
non-magnetic metal oxides, including MOX (M = Ce, Cr, Zr, Y, Ti and Zn, where 
X = 1, 1.5 and 2). We then further demonstrate the actual advantages of the 
resulting MOX@C composite NPs in example polymeric composites, against the 
un-coated NPs. Nylon 12 has been chosen for this study because of its superb 
ability of loading reinforcing materials, with many examples for comparison, 
including carbon fillers such as CNTs and graphene.  
4.2. Rotary CVD system modification----Objectives and technical 
requirements 
The existing RCVD system that was used to synthesise IFs based on Xu’s 
design has been modified in this work to suit for our purpose of large scale 
coating of NPs. In Chapter 3, we have shown both the original and modified 
designs. The middle part of the system is a traditional static furnace with a long 
quartz tube being fitted within the furnace, which is gas-tight sealed at both the 
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feeding end and the collection end. The rotation of the quartz tube is driven by a 
speed-controllable motor via the motorised rollers. A mechanical rotation is 
applied to the quartz tube and the particles sitting inside will be shaken and 
separated by the physical rotation movement of the tube, due to the friction 
forces generated between the lateral driven force and the gravity force, which 
would anti-counter the self-agglomeration and avoid sintering of the 
nanoparticles at high temperatures. 
4.2.1 Dynamical balance control system 
In the original design, the tilt angle of the quartz tube can only be controlled by 
the inlet part, which limits the speed of particle movement from one end 
marching to the other end of the furnace. In the modified system, the height of 
the motorised control part (outlet part) could also be easily changed by using 
bases of different thicknesses. Therefore, both the inlet and outlet ends could 
contribute to the height control of the quartz tube, either separately or jointly, to 
allow for the tilt angle change expanded from -5 ~ +5° to -8 ~ +8°. This 
improvement would allow more efficient particle production and add more 
versatility to our system. Fig.4.1 shows the replaceable block bases for different 
height requirements.  
 
Fig. 4.1 The modified balance base at the outlet end.  
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4.2.2 The collection system 
Because of the light weight of the MOX@C NPs, they are prone to be blown out 
of the hot-zone, which will lead to incomplete reactions. A stopper has been 
designed and installed to avoid this happening, which will also stop NPs 
prematurely moving over to the collection part. Without this procedure, we found 
that in the continuous synthesis process of the NPs, some NPs would jam the 
outlet gas pipeline, causing accidents. The flexible homemade Al stopper 
therefore can stop the NP products blocking the gas pipelines, ensuring the free 
flow of the protective/reactive gases though the pipeline, and safeguard the 
realisation of the desired reaction to complete. In Fig. 4.2, a homemade Al 
particle stopper is shown, and it picot edge will fit the tube wall perfectly and 
hole in the middle allows for the gas to flow through. 
 
Fig. 4.2 The homemade Al particle stopper. 
 
4.2.3 Carbon source feeding system 
In the original design, the diameter of carbon source injection pipe is about 1 
mm. However, the injection rate of the carbon source is ranging from 1 to 2 ml/h. 
The tremendously low injection rate makes the movement of liquid carbon 
source (styrene + acetone) very slow in the syringe pipe, which means that the 
gas vaporization during the liquid transportation was uncontrollable due to the 
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surface tension at the end of the syringe pipe. As shown in Fig. 4.3a, we 
therefore applied a thinner diameter (0.2 mm) pipe to improve the feeding 
efficiency of the RCVD system. Furthermore, displayed in Fig. 4.3b, an extra 
switch at the inlet of the H2 mass flow controller has been added to stop 
potential leakage from this part, with added safety than the original design.  
 
Fig. 4.3 a) The thinner injection pipe (Red circle); b) the extra switch before the 
inlet part of H2 mass flow controller (Yellow circle) 
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4.3 Investigation on the synthesis of MOX@C NPs  
Various C-coated metal oxides were prepared by using the modified RCVD 
system. Prior to the CVD process, 10 g of different metal oxide NPs were 
dispersed respectively into 100 ml ethanol under vigorous magnetic stirring for 1 
h without any surfactant, followed by ultrasonic probe dispersion for 30 min. The 
resulting suspension mixture was first dried at 80 oC in a long tube furnace 
(VecStar Ltd.) to obtain dry powder, which was then ground in an agate mortar 
to eliminate the bulk residual, and finally transferred into the inlet part of the 
long quartz tube (2-meter-long with an inner diameter of 35 mm).  
The carbon precursor was prepared by ultrasonically mixing of acetone and 
styrene solutions with a volume ratio of 4:1. The reaction zone of the system 
was sealed by the designed rotary seals at both ends. The rotation system was 
started with an Ar flow of 100 ml/min, and 1 to 2 ml/h of the carbon precursor 
was introduced into the reaction zone for 10 min to 1 h, at temperatures varying 
from 600 to 1000 oC, and then naturally cooled down to room temperature 
under Ar protection. After the RCVD process, a controllable layer of carbon, 
depending on the reaction duration and temperature, precursor concentration 
and gas flow rate, etc., was deposited. Various parameters have been 
investigated in this Chapter in order to achieve high quality coating. MOx, such 
as TiO2 or ZnO, was used as the model metal oxide for the synthesis condition 
optimisation, and the optimised conditions were adopted for the synthesis of 
other metal oxides. 
 
4.3.1 Graphitisation level vs temperature  
Temperature is an important parameter for the CVD method. In our experiments 
with temperatures ranging from 600 to 1000 oC for 5 min, we found that the 
thickness of C-coating did not show much change. However, the graphitization 
level of the coating became much improved at higher temperatures, which was 
supported by the XRD, TGA and Raman results. On one hand, it is obvious that 
higher temperature would result in better graphitic structure. On the other hand, 
too high temperatures would not benefit the actual graphitic crystallization 
during our RCVD process, because violent decomposing of the liquid styrene 
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carbon source at higher temperature could lead to a negative influence on the 
ordered carbon formation. In Fig. 4.4, the HRTEM images of the C-coating on 
TiO2 obtained at different temperatures are shown. It is obvious to find from the 
TEM image in Fig. 4.4a, the carbon coating layer synthesised under 700 oC 
showed the discontinuous distribution. Also that amorphous carbon without 
clear lattice pattern is clear, because of the rapid carbon accumulated instead of 
well-graphitised carbon forming under 900 oC. Hence, the optimized 
temperature in this research is around 800 oC. 
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Fig. 4.4 TEM images of the C-coating on TiO2 obtained at different 
temperatures: a) 700 oC, b) 800 oC, and c) 900 oC 
 
4.3.2 C-coating thickness vs reaction time 
The coating thickness in a CVD process is generally considered to have almost 
a linear relationship with the reaction time, or at least the deposit formed on the 
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substrate will grow continuously with prolonged reaction time, until reaching a 
certain limit30, 31. Therefore, by controlling the reaction time, the desired 
thicknesses of the C-coating on the MOx particles can be successfully achieved.  
By using the control variate method, we the prepared samples in the rotary 
furnace at 800 oC and a carbon source supply rate of 2 ml/h, with a reaction 
time of 5, 10, 30 and 60 min respectively. The TEM images in Fig. 4.5 show that 
the 5 min and 10 min samples exhibit a thin and uneven layer of coating on the 
MOx surface. Longer than 30 min, the sample exhibits a smooth and complete 
coating around the contour of the particle, with a thickness of about 2 nm (Fig. 
4.5c). An attempt explanation is as follows. At the initial stage of precipitation, 
the tiny carbon fragments were deposited to form a hexagon ring and act as the 
initial core for further carbon atoms/clusters to accumulate on the surface of the 
MOx substrate. Following this stage, the growth would be continued to spread 
and cover the entire surface to minimise the surface energy. Meanwhile, the 
localised accumulation and growth to form small multiple layers of graphitic 
carbon was also possible. Therefore, with short deposition time, the layer is thin 
and sometimes incomplete. Further extending the deposition time, layer by 
layer deposition became possible, which is the same mode to the carbon nano-
onion growth during a normal CVD process, hence leading to relatively uniform 
and fully covered coating.  
Moreover, in a conventional static CVD process, the MOx substrate would be 
laid permanently stacking together, in such a way the gaseous carbon clusters 
would be virtually unable to access the entire surface of the MOx, resulting in 
incomplete coating or severe agglomerations by wrapping multiple particles 
together, which will be confirmed in the carbon membrane TEM characterisation 
part later, demonstrated in Fig. 4.7. The RCVD system therefore demonstrates 
significant advantages to achieve uniform thickness and complete coating. The 
optimised reaction time for about 2 nm thick coating is between 30 to 60 min, 
and the resulting product is shown in Fig. 4.5c. 
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Fig. 4.5 TEM images of C-coating on which metal oxide with different reaction 
time: a. 5 min, b. 10 min, c. 30 min, and d. 1 h 
 
4.3.3 C-coating thickness vs injection rate 
A series of experiments of different injection rates of the styrene carbon source 
was also investigated, to find out the optimal parameter for achieving a thin and 
uniform coating31. The conditions used to investigate the influence of thickness 
of TiO2@C are: 20% styrene, the reaction time between 30 to 60 min, at 800oC, 
and under Ar. Hence, based on those data, the effect of carbon resource 
injection rate was further studied.  
In the RCVD system, our design made sure that the carbon source solution 
evaporated as soon as it was injected into the furnace by reaching a pre-set 
high enough heating zone. To study how the injection rate affects the thickness 
of the C-coating, we used the following combinations of flow rates and 
deposition time: 1 ml/h and 2 ml/h for 10 min, and 1 ml/h and 2 ml/h for 30 min, 
respectively. The first 10 min maybe the initial stage for deposition, so there is 
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not any carbon deposition formed. As shown in Fig. 4.6 of the TEM images, the 
most interesting difference is happened in the 30 min deposition process. The 
quicker injection rate leads to a thicker C-coating, which has increased the 
efficiency of reaction time.  
 
Fig. 4.6 TEM image of the C-coating on TiO2@C. a. 1 ml/h with 30 min, and b. 2 
ml/h with 30 min. 
 
4.3.4 Pure graphitized carbon membrane 
We have further demonstrated the uniform feature of the carbon shell by 
completely removing the ZnO core of ZnO@C NPs. The ZnO@C NPs were re-
heated at 800 oC under H2 flow, which resulted in the reduction of ZnO to metal 
Zn. The metal Zn evaporation left behind the carbon shells. The resulting shells 
are displayed in Fig. 4.7a. The majority of the empty shells exhibits an individual, 
complete and spherical characteristic that resembles the size and shape of the 
original ZnO NPs, whilst a few shells show an irregular and large structure. 
These large shells must have formed from two or three adjacent particles that 
were wrapped together. It is noteworthy that although not all the NPs are 
sheathed individually during the RCVD, nevertheless the overall quality of the 
coating is very high. Otherwise, the coating will just form a single whole shell 
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around the out edge of the agglomerated particles like in the static furnace 
(Fig.4.7b). As presented above, all the metal oxide particles are at nanoscale, 
which makes them prone to agglomeration at high temperature, leading to the 
formation of bulk coating containing a number of particles. This is one of the 
challenges for scale-up the production of NPs beyond laboratory level with 
conventional techniques. In this regard, the novel RCVDs can effectively 
prevent the particle agglomeration and generate individual MOX@C NPs at 
large scale without damaging the original structure of the metal oxide particles. 
Furthermore, even though the outer shell of carbon could be some amorphous 
carbon too, there are no many isolated amorphous carbon spheres found as a 
by-product, which verifies that the chosen RCVD parameters are appropriate for 
the generation of graphitic coating. This result also further confirmed for results 
in the XRD and Raman characterisation. 
 
a) Carbon membrane prepared by removal the core of ZnO@C (RCVDs) 
95 
 
 
b) Carbon membrane prepared by removal the core of ZnO@C (static furnace) 
Fig. 4.7 TEM images of the carbon shell after the removal of ZnO core  
 
4.3.5 Conductivity of the TiO2@C 
The perfectly formed and connective graphitic C-coating could act like a 
conductive layer, which changes the bulk TiO2 from an insulator into a 
conductor. By preparing the condensed bulk of TiO2@C, a small cylinder 
consisting of 10 g TiO2@C sample was compressed by using a mini-portable 
press machine with loading of 15 tons in the mould of 20 mm diameter and the 
pressure is near 50 kN and the high of this cylinder was 5.11 mm (Fig. 4.8). The 
average resistance was calculated as 183.23 (±2.91) Ω at room temperature 
(for 5 times). Hence, according to the equation of σ =L/RS (L is the length of the 
piece of material, R is the electrical resistance of a uniform specimen of the 
material, and S is the cross-sectional area of the specimen), the resistivity is 
thus 11.22 (±0.19) Ωm and the conductivity σ is 0.0891 (±0.0015) S/m. 
Compared with the pure TiO2 sample, the conductivity of TiO2 has been 
significantly improved, which is better than most semiconductors. (Density is 
2.321 g/cm3)  
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Fig. 4.8 The pressed TiO2@C sample for electrical property testing (conductivity 
σ is 0.0891 (±0.0015) S/m). 
 
4.3.6 Coating on other MOx NPs 
Based on the successful synthesis of TiO2 and ZnO, we further extended this C-
coating strategy to other metal oxides, including MOX (M = Ce, Cr, Zr, Y, Ti and 
Zn, where X = 1, 1.5 and 2) under the same conditions of 30 min at 800 oC. The 
structures of the MOX@C NPs were characterized by XRD, Raman, TEM, EDS, 
SEM and TGA, respectively.  
4.3.7 Characterisation of MOX@C NPs (XRD, Raman, SEM, TEM and TGA) 
XRD 
The XRD results are shown in Fig. 4.9a. Compared with the XRD patterns of 
the original metal oxides, an extra 2θ peak at around 26.2 can be observed for 
all MOX@C NP samples. Different from the broad peak showing in amorphous 
carbon, this sharp peak around 26.2 in the metal oxide composites can be 
ascribed to the (002) diffraction of graphitic carbon, which suggests a high level 
of crystallization of the graphitic C-coating70. For better view, Fig. 4.9b shows 
the enlarged peaks from 26 to 27. Especially, for the TiO2 sample, the strong 
peak around 26 being contributed from its (110) overlaps with the (002) peak of 
graphitic carbon, which results in the sharpest diffraction peak with the highest 
intensity around 26. For all samples, the intensity ratio of carbon to metal oxide 
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is quite low, implying that the amount of the carbon in the MOX@C NPs is small 
therefore the coating should be extremely thin. Further confirmation is showed 
in Raman spectra and TEM characterisation below. 
 
Fig. 4.9 XRD patterns of the MOX@C NPs. 
 
Raman spectra 
The Raman spectra of those NPs are presented in Fig. 4.10. This is the semi-
qualitative measurement and each data repeated 3 times with 10% intensity of 
laser beam and stacked the signal together to remove the influence of 
background noise. All the MOX@C NPs show peaks around 1350 cm-1 (D band, 
which comes from the disordered carbon) and 1590 cm-1 (G band, which 
characterises the hybridized sp2 of carbon), which are originated from the bond 
stretching of pairs of sp2 atoms in both chains and rings and sp2 atoms in the 
breathing vibration modes in rings, respectively187, 188. Therefore, the intensity 
ratio of D band to G band indicates the crystallization level of the carbon coating, 
by simply using the intensity value of maximum peak to calculate. i.e. the higher 
the value of ID/IG, the more defects the sample contains. Of those MOX@C NPs, 
the ZrO2@C NPs exhibit the lowest ID/IG value therefore it retains the highest 
level of graphitization, followed by the second sample, the Y2O3@C NPs, 
whereas the rest of MOX@C NPs all show fairly good crystallization level.  
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Fig. 4.10 Raman spectra of the MOX@C NPs 
 
SEM 
The ZnO and TiO2 NPs are the most common used materials in the lab and 
been chose as the sample for further demonstration. The particle morphologies 
of the metal oxides before and after the C-coating were examined by SEM to 
visualise the overall feature of the NPs, and the results of ZnO and TiO2 are 
shown in Fig. 4.11.  It is obvious that both types of metal oxide NPs exhibit 
similar particle size distribution, with/without the C-coating. There were no 
visible morphological differences under SEM examination for all the NPs, 
suggesting that the RCVD is an effective and versatile way to produce a wide 
range of C-coated metal oxide NPs, without changing their original 
morphologies and free of agglomerations.  
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Fig. 4.11 Representative SEM images of selected NPs: (a) ZnO and (b) 
ZnO@C; (c) TiO2 and (d) TiO2@C. 
 
TEM 
Based on the TEM images in Fig. 4.12, the detailed structure and morphology 
features of individual MOX@C NPs were further investigated and the resulting 
images are shown below. In Fig. 4.12a, the ZnO@C NPs exhibit an average 
particle size of c.a. 30-50 nm, with a bright carbon shell homogenously covering 
the dark ZnO core. The zoomed image of the selected area shows that the 
thickness of the coating is less than 2 nm, in which the lattice fringe is 
approximately 0.34 nm, corresponding to the (002) graphitic carbon.70 This 
observed very thin coating is consistent with the weak (002) XRD peak intensity 
mentioned above. The EDS line scan clearly demonstrates that the C-coating is 
smoothly sheathed the entire particle surface. In particular, the almost constant 
C intensity signals while measured crossing the particle confirm that the coating 
has a uniform thickness. The TiO2@C NPs exhibit similar morphology and 
structures to the ZnO@C NPs, as shown in Fig. 4.12b.  
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Fig. 4.12 TEM images of (a) ZnO@C and (b) TiO2@C NPs. The insets are the 
corresponding EDS-line scan patterns 
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TGA 
The TGA profiles of various MOX@C NPs is shown in Fig. 4.13. The ZnO@C 
NPs show the highest starting degradation temperature point (TS), which is 
selected by the slope of the tangent of the weight loss curve became negative, 
at 463 oC, whilst the CeO2@C NPs have the lowest TS at 361 oC, and the other 
NPs are around 390-400 oC. The ending degradation temperatures point (TE) is 
chosen by the slope of the tangent of the weight loss curve back to zero again. 
For these MOX@C NPs are between 550-570 oC, except CeO2@C NPs which 
is at 500 oC. Therefore, the slopes of weight loss are quite complex, associated 
with the onset TS. These profiles show different starting and ending degradation 
temperatures, and different degradation speeds, which are reflection of the 
graphitisation levels, as highly graphitised carbon will be oxidised slowly at 
higher temperature. The degradation is due to the oxidation or burning of the 
outer carbon shell into CO2. These weight loss characteristics are comparable 
to or even better than many other forms of nanostructured carbon materials, 
such as graphene and carbon nanotubes, hence the coating layers demonstrate 
the high quality of graphitic feature.  
From the Raman spectra, the ZrO2@C NPs have relatively better crystallisation 
with the lowest ID/IG (= 0.58) than the other NPs (Raman Spectra in Fig. 4.10). 
However, their TE does not appear to be the highest, only sitting in the middle, 
and is comparable to that of Cr2O3@C and TiO2@C NPs. The quality of the C-
coating is not only associated with the crystallization level, but also influenced 
by other properties of the core material. Such as ZnO@C NPs, although its 
XRD profile shows the broadest (002) peak and its Raman spectrum has a 
higher ID/IG value (=0.96), both results suggesting relatively poorer crystallised 
coating than others, but it exhibits the highest TE. 
The carbon interface bonding property of the MOX@C NPs are different from 
each other, which could affect both the TS and TE. In other words, the carbon 
coating is not only the physical deposit process, but also contains the chemical 
bonding. We believe that the different thermal stabilities among these coated 
NPs could be associated with the metal oxide core, which has different surface 
chemical property and crystalline structures.  
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i.e. the coating would have a higher graphitization leave and stronger adhesion 
property with the core, resulting in high TE. In the case of ZnO NPs, it has a 
lattice constant of 0.325 nm, which matches very well with the 0.34 nm layer 
spacing observed in the coating, which promotes the coating growth and the 
formation of a strong adhesion to the ZnO core. Therefore, the ZnO@C NPs 
exhibit the highest TE.  
 
 
Fig. 4.13 (a) The original and (b) axis normalised TGA curves of different 
MOX@C NP specimens. 
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To contrast the coating amounts against different metal oxides is quite 
complicated, because the NPs have different densities (i.e. different numbers of 
NPs for 10 mg samples used for TGA), therefore the percentage of weight loss 
does not necessarily to be a direct reflection of the carbon weigh loss for one 
particle. By assuming a uniform particle size and particle stacking density, we 
can approximately normalise the percentage of the weight loss shown in Fig. 
4.13a, and have obtained Fig. 4.13b for different MOX@C specimens by using 
the ZnO NPs as a standard. The normalised results have shown that the 
residual weights for all MOX@C NPs are ca. 92%. Therefore, the C-coating on 
different NPs is nearly constant. This analysis offers further evidence that the 
RCVD process can precisely control the carbon coating thickness, to produce 
MOX@C NPs at large scale. 
 
4.4 Conclusion 
In this Chapter, the details of modification of Xu’s furnace were described. We 
have also systematic investigated the potential impact factors for the C-coating, 
such as graphitisation level vs temperature, carbon coating thickness vs 
reaction time, coating thickness vs injection rate, graphitized carbon membrane, 
and the electrical property of typical carbon coating metal oxide--TiO2@C. The 
structures of the MOX@C NPs were analysed by XRD, Raman, TEM, EDS, 
SEM and TGA respectively, in the latter part of this Chapter to thoroughly 
characterise the morphological, structure and thermal properties. Out results 
have shown that the C-coating composite NPs have formed an entire individual 
carbon membrane outside the particles, which displayed excellent properties in 
the thermal stability and additional electrical conductivity. These results also 
suggest that these new C-coated NPs could be ideal reinforcements for the 
fabrication of new nanocomposites. 
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Chapter 5. Fabrication of MOX@C NPs reinforced nylon 12 
nanocomposites  
5.1 Introduction 
Metal oxides (MOX) are widely used in composite preparation, due to their super 
hardness, richness in material and property choices, and chemically stable 
features. Polymer materials are also widely used in different industrial and 
domestic sectors. By introducing small metal oxide particles into a polymer 
matrix, much improved mechanical properties such as tensile strength and 
hardness, even the thermal properties, can be obtained. The most commonly 
investigated commercial polymer is nylon-based materials17, 81-84. However, one 
of the toughest challenges for preparing non-magnetic MOX nanocomposite in 
nylon is the NPs dispersion issue, where M = Ce, Cr, Zr, Y, Ti and Zn, and X = 
1, 1.5 and 2, and their interface behaviour is still not completely understood. 
These challenges require further investigation. For the objective of this chapter, 
because of having successfully created various carbon coating NPs, we report 
a method to fabricate the MOx@C NPs reinforced nanocomposites and 
demonstrate the properties for the composites.  
5.2 Preparation of nylon 12 nanocomposites 
ZnO is regarded as the most common and promising material in many 
application areas, such as in semiconductors, electronics, photonics, 
piezoelectric and nanocomposite preparation. ZnO-reinforced polymer 
composites have attracted intensive investigations due to their high 
performance in chemical industry and their low cost96, 189. As a widely used 
engineering polymer with low cost, nylon 12 has superb capacity of loading 
reinforcing materials for previous research. Therefore, nylon 12, ZnO and 
ZnO@C NPs as the typical examples have been chosen as the matrix and 
reinforcement phases in this study.  
As detailed in Chapter 3, an extremely simple and direct fabrication method was 
used to prepare the ZnO NPs reinforced nylon 12 nanocomposite, as well as 
the ZnO@C NPs reinforced nylon 12 nanocomposite. After heat treatment at 
120 oC in a temperature-controlled oven for overnight to release the residual 
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stress, samples of different sizes were cut for further experiments, including 
tensile test, Vickers hardness test and thermal conductivity property 
assessment.  
 
5.3 Investigation of nylon 12 nanocomposites 
5.3.1 The ZnO NP dispersion 
Using ZnO as a typical example to provide an understanding of the key 
dispersion parameter for future composite fabrication, we studied the dispersion 
property of the NPs in water based suspensions by using UV-Vis spectroscopy, 
and the results are shown in Fig. 5.1. The suspensions of ZnO and ZnO@C 
NPs were prepared with the assistance of 1 wt% of SDS (Sodium Dodecyl 
Sulfate) surfactant. To evaluate the coating influence on the sediment rate 
(opposite to dispersion) of these insoluble NPs in water, a higher adsorption is 
an indicator of thicker suspension correlating to a uniform dispersion, whereas a 
lower adsorption indicates a clearer suspension which means a rapid sediment 
as a result of agglomeration. A strong ZnO UV-Vis peak at 325 nm was chosen 
as a standard peak in this study, and the peak ratio when samples were kept 
stationary for several time was then compared with the original standard 
adsorption peak. At the beginning, both samples show comparable adsorption. 
After 1 h, the absorbance intensity of the ZnO@C NPs remained as high as 
98%, whilst the plain ZnO only maintained 42% of its original intensity. After 24 
h, the plain ZnO NPs were completely dropped to the bottom of the container 
and there was hardly any adsorption observed in the spectrum; however the 
ZnO@C NPs suspension remained over 85% of its original intensity. This result 
has clearly demonstrated that the surface modified C-coated NPs have 
significantly improved their dispersal ability with suitable surfactant. The C-
coating on the NPs has offered important potentials for eliminating the 
agglomeration issues associated with NPs, with a similarly modifiable behaviour 
to those of the well-documented carbon nanotubes, so that mature surface 
modification strategies are readily available for achieving strong interface 
bonding and good dispersions. This excellent surface tuneable feature of the C-
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coating offered by the RCVD process could open new opportunities for the 
fabrication of nanocomposites.  
 
Fig. 5.1 A comparison of the intensity of the UV-Vis absorbance spectra 
between plain ZnO and ZnO@C NPs. 
 
5.3.2 Tensile strength 
To further validate the improved dispersal behaviour towards potential 
composite fabrication, we embed the ZnO NPs into nylon 12, in an effort to 
ascertain any advantages in the thermal and mechanical properties for the C-
coated NPs over the naked NPs. By using the simple water/ethanol solvent 
direct mixing method, we fabricated the ZnO@C NPs-reinforced nylon 12 model 
composites, in comparison to the plain ZnO NPs-reinforced samples. We 
focused our investigation mainly on the evaluation of the key mechanical 
properties of the composites, to validate the role of the C-coating in the 
composites.  
107 
 
Further validation was achieved in the tensile strength between the ZnO-nylon 
12 and ZnO@C-nylon 12 nanocomposites at a filler content from 1 to 4 wt%, 
and the results are presented in Fig. 5.2a. Compared with the plain nylon 12 
sample, the ultimate tensile strength of both the 2 wt% composites was 
increased to 54.5 MPa and 59.6 MPa, which corresponds to an improvement of 
16% and 27% for ZnO and ZnO@C, respectively. By modifying the surface 
chemistry of the ZnO with the carbon coating, it can not only affect the NPs 
dispersability in water during the powder mixing stage and finally in the 
composites, but also the carbon layer can improve the interface adhesion with 
the nylon 12 matrix. At 4 wt% however, the ZnO@C-nylon 12 sample exhibits 
lower ultimate tensile strength than the ZnO sample. It is well-documented that 
the enhancing effect of spherical NPs is not that obvious, therefore the 27% 
improvement at an optimal addition of 2 wt% of ZnO@C NPs is very impressive. 
However, in Fig. 5.2b, the elongation rate for ZnO@C-nylon 12 nanocomposite 
shows the worse property than ZnO-nylon 12. When the content is 1 wt%, the 
elongation for the ZnO displays the 5% improvement, rather than the ZnO@C 
become 6% worse. Till the content reached 4 wt%, the difference between 
those two samples become minimum. 
 
a. Ultimate tensile strength 
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b. Elongation percentages 
Fig. 5.2 Mechanical properties of the ZnO-nylon 12 and ZnO@C-nylon 12 
nanocomposites with different filler contents 
 
5.3.3 Vickers hardness testing 
As shown in Fig. 5.3, the hardness values (HV) of the composites were all much 
higher than that of plain nylon 12. The highest HV values were obtained from 
the 4 wt% ZnO-nylon 12 and ZnO@C-nylon 12 samples, being 16.8 and 19.1 
HV0.5, respectively.  The improvement of the ZnO@C-nylon 12 is around 28%, 
which is against the plain nylon 12 (14.9 HV0.5) and the ZnO-nylon 12 is only 12% 
improvment. Furthermore, the increased tendency of the hardness values 
indicated that the embedded NPs can improve the toughness of the composite. 
Increasing the filler amounts, the C-coated samples showed more 
improvements in the hardness, which means the carbon-coated ZnO NPs 
exhibiting a greater improvement effect than that of the pristine ZnO NPs, which 
shows the extra improvement with16% at 4 wt%. 
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Fig. 5.3 Vickers hardness values of the ZnO-nylon 12 and ZnO@C-nylon 12 
nanocomposites at different filler contents 
 
5.3.4 Thermal conductivity 
The corresponding thermal conductivities of both composites, ZnO@C-nylon 12 
and ZnO-nylon 12, are shown in Fig. 5.4. At 25 oC, the thermal conductivity of 
the neat nylon 12 is only 0.205 W∙m-1∙K-1, which sets the standard for 
comparison with the two nanocomposites. With the NP addition, the thermal 
conductivities have been improved for both composites, as shown in Fig. 5.4a, 
however by different enhancing effects at different amounts of NPs. These 
values increase gradually with increased NP contents, but the plain ZnO NPs-
reinforced composites only show a marginal improvement than at lower 
contents, whilst the ZnO@C NPs-reinforced composites exhibit a linear 
enhancement feature.  
As shown in Fig. 5.4b, the thermal conductivity of the ZnO@C NPs-reinforced 
samples is enhanced by 22, 35 and 49% (reaching an absolute value of 0.305 
W∙m-1∙K-1) for the 1, 2 and 4 wt%, respectively. At 4 wt% addition, the 
improvement of the ZnO@C -nylon 12 composite is almost 3 times higher than 
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that of the neat ZnO-nylon 12. This result directly demonstrates the positive role 
of the C-coating in improving the thermal properties of a polymeric composite.  
It is noteworthy that the level of enhancement reported here for the ZnO@C 
NPs is of significance, because the 50% improvement at 4 wt% of the core-shell 
NPs (where the core ZnO is much heavier than carbon) is virtually comparable 
to the effect of graphene as a filler to reinforce nylon composite. Graphene has 
been reported to possess the best thermal conductivities (2000–4000 W∙m-1∙K-1) 
190, 191. Therefore, the small amount of effective carbon in the NPs has 
generated a huge improvement, which indicates its high efficiency. This high 
efficiency is most likely originated from the improved dispersion and interface 
bonding of the ZnO@C NPs within the nylon 12 matrix. 
 
Fig. 5.4 a. Thermal conductivity, and b. The improvement (%) of ZnO-nylon 12 
and ZnO@C-nylon 12 nanocomposites measured at 25 oC. 
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5.4 Conclusion 
In summary, we have established a simple and direct method to fabricate 
polymer matrix nanocomposite and demonstrated the great advantages of the 
C-coating in improving the mechanical and thermal properties over plain ZnO 
NPs in the preparation of polymer composite. Using nylon 12 as the example 
matrix, we have investigated the typical ZnO and ZnO@C NPs as example 
fillers, and have shown that the C-coating effectively improves the thermal 
conductivity by 49%, from 0.205 W∙m-1∙K-1 for neat nylon 12 to 0.305 W∙m-1∙K-1 
for a 4 wt% C-coated ZnO composite. We have further reported a 27% 
improvement in tensile strength at a small amount of ZnO@C filler addition and 
28% improvement in hardness for the composites. These results have 
demonstrated the potential of the C-coated NPs in applications to enhance 
other polymer in composites, which will be discussed in later chapters.  
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Chapter 6 Fabrication of IF-WS2 NPs and its PEEK 
nanocomposites 
6.1 Introduction 
Poly(ether ether ketone) (PEEK), a member of the Poly(aryl ether ketone) 
(PAEK) family, is an promising high performance engineering thermoplastic with 
melting temperatures around 343 C and glass transition temperatures around 
140~160 C162, 192. PEEK has shown many outstanding properties such as 
excellent mechanical strength (tensile strength ~141 MPa), high chemical 
resistance to acid and alkali corrosion, low thermal conductivity (0.23 W/m·K) 
which could be used as an outstanding thermal insulator with good thermal 
stability, and especially extraordinary biocompatibility that made it suitable for 
medical applications in implanting of tooth and prosthesis154, 190. PEEK therefore 
has attracted huge research interest to exploit applications in areas including 
aircraft, automotive, fuel cell energy, and medical implants. New members of 
the PEEK family with specific features have been developed to suit for a broad 
range of applications, in terms of properties, processability and price. As one of 
the few high performance thermoplastic materials currently available 
commercially, the PEEK family are becoming more and more important for 
these industry sectors155, 193. However, some features of the PEEK could be 
improved, for example the intrinsically low thermal conductivity of the PEEK 
could limit its applications in certain components. To further enhance these 
performance, PEEK and its derivatives could be reinforced using advanced 
fillers, to meet the even critical demands for future applications164, 194. 
The inorganic fullerene-like tungsten disulphide (IF-WS2) NPs, as the first 
successfully commercialised synthetic nanomaterials shortly after its discovery 
by Tenne et al., presented the extremely good tribological properties either 
directly as solid lubricant or indirectly as additives in oil, and superb shock 
absorbing behaviour, which makes them an ideal reinforcement filler for 
different polymer matrices to improve the thermal, mechanical, and tribological 
properties of polymers24, 194. 
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However, to achieve a uniform dispersion of the nanofillers within the polymer 
matrix is always a huge challenge due to their tendency of agglomeration 
originating from the Van der Waals attractions, and this is particularly true for 
certain fabrication processes. This explains why early studies only reported 
composites with IF-WS2 NPs incorporation merely up to ca. 2 wt%194. Therefore, 
the continuous development of new techniques for the creation of PEEK/IF-WS2 
nanocomposites with uniform IF-WS2 dispersion is an interesting research 
subject. This Chapter describes a simple and eco-friendly melting process for 
the fabrication of such PEEK/IF-WS2 nanocomposites, by using a mixture of 
water and ethanol to disperse the IF-WS2 and PEEK powder prior to the melt 
shaping process. The influence of a wide range of IF-WS2 fillers on the 
properties of the resulting PEEK nanocomposites will also be investigated. 
 
6.2 Cooling process influence for plain PEEK 
For PEEK polymer materials, the aggregation of molecular chains during the 
crystallization process from loose powder to bulk sample always causes the 
shrinkage in volume, which decreases the specific volume and increases the 
density. In general, there is a linear relationship between the density and 
crystallinity for a polymer. As the density increases, the attractive force between 
the molecular chains increases, thus the mechanical and thermal properties of 
polymer are improved by increasing the crystallinity154, 190, 193. 
Normally, as the degree of crystallinity increases, the tensile strength, Young’s 
modulus and hardness of the polymer all increase, however the brittleness of 
the polymer will also increase at the same time. As a result, external impact can 
be easily progressed along the crystal surface and cause fractural damage. 
Therefore, the impact resistance of a polymer could decrease with the increase 
of crystallinity. Different factors can affect the crystallization process of a 
polymer, such as the cooling rate, melting temperature, melting time and 
applied stress, etc, of which the most importance one is the sample cooling 
rate157. 
In this chapter, we attempted to discuss the influence of the cooling rate on the 
crystallinity and on the mechanical properties of the PEEK, by measuring the 
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time interval from the heating treatment temperature 380C down to 140C 
which is lower than the glass transition temperature around 143C. The PEEK 
powder is melted on a small glass slide first and then transferred the slide onto 
the external cooling substrate. By using a portable infrared temperature monitor, 
the temperature changes of the sample surface are recorded. Because of 
different cooling substrate having different thermal conductivity, the different 
cooling rate will influence the polymer structure forming process. This difference 
will change the morphology of the polymer and further change its mechanical 
properties. 
 
6.2.1 Different cooling processing and cooling rate control 
As shown in the Fig. 6.1, the PEEK cooling on the surface of an asbestos block 
displayed the longest cooling time interval and the Al substrate resulted in the 
shortest cooling time. Those results are reasonable because the thermal 
conductivity of Al metal is much higher than all the other kind of substrates. In 
addition, the asbestos and wool bases showed almost the same influence on 
the final PEEK thin films, and rock stone only exhibited just a few seconds 
faster than the asbestos. It is believed that the too fast cooling rate would lead 
to a poor crystallinity in the PEEK, which will be verified later. 
 
Fig. 6.1 The neat PEEK cooling time from 380 to 140C when sitting on the 
surface of different substrates. 
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6.2.2 Morphology characterization and crystallization analysis 
According to the SEM images shown in Fig. 6.2, the samples cooling on wool 
(Fig. 6.2a) and asbestos (Fig. 6.2b) exhibited similar morphology with a smooth 
surface. However, when the cooling rate increased on a rock stone surface, the 
morphology of the sample displayed wrinkled patterns with random directions 
(Fig. 6.2c), which could be caused by unbalanced cooling, and the crystals 
formed along the fastest cooling points on the edge on the mould. The sample 
cooled on Al showed a clear individually cracked pattern, Fig. 6.2d. It is believed 
that the fastest cooling process failed to allow the polymer to crystallise 
smoothly which caused the formation of small random gaps on the surface of 
the sample195. 
 
Fig. 6.2 SEM images of the plain bulk PEEK samples prepared on different 
external cooling substrate’s surface. a) Wool; b) Asbestos; c) Rock Stone; and d) 
Aluminium Block. 
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6.2.3 Mechanical tensile testing 
In Fig. 6.3, the results of the ultimate tensile strength demonstrated that the 
PEEK cooled on the asbestos substrate had the best tensile strength of 81.8 
MPa, followed by the wool cooling sample of 79.1 MPa. Even the morphology 
with the wrinkled patterns, the rock stone cooled sample still showed a strength 
value of 76.8 MPa, which is just approximately 6% lower than that of cooled on 
asbestos. The sample cooled on the Al substrate exhibited the lowest tensile 
strength of only 69.3 MPa. The reason can be because of the incomplete 
crystalline structure forming inside the polymer matrix. The individual cracked 
structure cannot show the proper mechanical stability and display the worst 
value among the 4 different cooling substrates. 
 
Fig. 6.3 The ultimate tensile strength of PEEK on different substance surfaces 
 
6.3 Synthesis of IF-WS2 NPs and their reinforced PEEK nanocomposites 
The synthesis process of IF-WS2 NPs has been detailed in Chapter 3, following 
the modified Xu’s rotary furnace technique. The precursor powders were 
prepared by the simple and direct solution mixing method, prior to melting for 
composite fabrication. 
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After the mixing and drying process, the mixed composite powders were 
transferred onto a glass slide substrate of 380 to 400oC sitting on a hot plate. 
After a few mins, the powders were melted completely to form a thin film, and 
the glass slide substrate was then removed from the hot plate onto an asbestos 
substrate and allowed to cool naturally. The resulting composite films could be 
easily peeled off from the glass, for subsequent testing. 
 
6.4 Characterisation of IF-WS2/PEEK nanocomposites 
6.4.1 Morphology (SEM, TEM and AFM) 
SEM 
The SEM images in Fig. 6.4. show the spherulitic crystal structure of the PEEK-
based samples. The plain PEEK, Fig. 6.4a and b, exhibits granular structures 
comprised clearly radial spherulites, respectively. Each lamellar particle is 
spreading along the radiation direction, stacking together forming radial arrays, 
which is a typical feature of self-assembly. For the composite samples shown in 
Fig. 6.4c, the IF-WS2 particles are found to be embedded inside the spherultic 
structure, and a slightly different morphology against the neat PEEK is observed. 
Although the composite samples show nearly the same basic granular size of 
ca. 0.1 µm, their spherulite sizes become smaller compared with the neat 
sample, reduced from around 10 µm to about 3 µm when the IF-WS2 was 
added to the matrix. Furthermore, compared with the plain PEEK, a more 
random distribution of the lamellar is recognised in the PEEK/IF-WS2 composite. 
The incomplete small radial spherulites in the matrix have indicated that the size 
and direction of the spherulites are changed, as a result of the IF-WS2 
incorporation. This would have an influence on the composite properties, 
however there are no obvious statistic links between the IF-WS2 content and 
the spherulite size.  The IF-WS2 particles existing as bright spots are confirmed 
by EDS analyses, as shown in Fig. 6.4d, which exhibits the obvious peaks of W 
and S (Au is from the thin coating)162, 192.  
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Fig. 6.4 SEM images of the PEEK and PEEK/IF-WS2 composite samples. (a) 
The spherulitic crystallines of the neat PEEK (dashes circled), revealing the 
centre of the spherulites (marked by a cross); (b) The granular of the spherulitic 
structure at higher magnification; (c) Composite with 4 wt% IF-WS2 addition, 
showing the IF-WS2 particles randomly distributed within the spherulitic 
structure; and (d) An area containing the IF-WS2, as confirmed by the EDS 
result, inset. 
 
TEM 
The polygonal structural feature of the pristine IF-WS2 NPs is displayed in the 
TEM images in Fig. 6.5a and b138, 196. To avoid structural damage to the 
polymer caused by electron beams, a 100-kV acceleration voltage was used for 
imaging. In the TEM images, the granular structure of the PEEK is not 
distinguishable because of the high contrast, however the spherulitic structures 
are still recognisable193. Compared with the polymer matrix, the IF-WS2 
particles are clearly seen as dark phases, appearing as a cluster of small 
119 
 
agglomerations, as shown in Fig. 6.5c, because of the good penetrability of 
polymer material by the high-velocity electrons. In Fig. 6.5c, these IF-WS2 NPs 
are obviously seen with stacked spots in the middle of the spherulites of the 
PEEK matrix, and the agglomerate indeed acts as a core to promote the 
formation of spherulites (Fig. 6.5d). Apart from the side of the IF-WS2 arrays, 
there are lots of tiny dark spots with diameters around 2 to 10 nm, which 
indicate a higher density of IF-WS2 NPs in these areas.  
 
Fig. 6.5. TEM images of the pristine IF-WS2 NPs (a, b), and the 4 wt% IF-WS2 
NPs in the PEEK matrix (c, d). 
 
AFM 
To evaluate the thickness difference between the granular crystal and the 
polymer matrix, the surface morphology of the composites was inspected by 
AFM. In Fig. 6.6a, a large layer of IF-WS2 particles is lying on the surface of a 
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spherulitic crystal (according to the red line in Fig. 6.6b), which is about 75 nm 
above the base surface, thus matching the size of a single IF-WS2 NP. In 
addition, the regions marked by the blue and green lines in Fig. 6.6a show that 
the IF-WS2 NPs are partly embedded inside the PEEK matrix, because the 
regular lamellar structure only displays pulsed height signals of 1 to 3 nm 
fluctuations, even for the green line, as shown in Fig. 6.6b. The overall 
distribution of the IF-WS2 NPs in the matrix appears to be quite uniform 
according to the AFM study, which is in consistent with the SEM results.  
 
Fig. 6.6 (a) AFM image taken from the PEEK-/IF-WS2 4 wt% composite, 
showing the surface morphology of the large granular crystal structures and 
small IF-WS2 particles (bright spots). (b) The corresponding surface profile from 
the marked dotted lines in (a), showing the height differences of the IF-WS2 
cores. 
 
6.4.2 Structure Characterisation (XRD, FTIR and XPS) 
XRD 
As shown in the XRD results in Fig. 6.7, relatively sharp peaks of the PEEK are 
observed for the crystallised samples. The (002) peak of the IF-WS2 NPs is 
observed in the composites, and the intensities increase with their concentration. 
In both the neat and composite powder samples prior to melting (Fig. 6.7a), only 
broad peaks are visible, whilst they become sharper after the melting (Fig. 6.7b), 
and especially that the 3 peaks at 20.85, 22.83 and 28.88 of 2θ angles, 
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corresponding to (110), (113) and (200), are prominent162, 197. Further, with the 
increases of IF-WS2 content, these peaks became narrower and narrower. 
Considering the full width at half maximum (FWHM) of (110), we believe that 
the original PEEK powder before melting treatment contained many fine primary 
crystal cores which led to the broad peaks. After forming polymer and 
subjecting to natural cooling process, the polymer was better crystallised and 
subjected to grain growth, resulting in the three obvious peaks. The peaks in the 
composites however, became even narrower with further reduced FWHM, 
indicating an even higher degree of crystallisation and larger crystallites than 
the neat polymer. Hence, the incorporation of IF-WS2 NPs has demonstrated a 
mild influence on the crystalline behaviour of the PEEK matrix. It is likely that 
the incorporation of the IF-WS2 NPs promoted the nucleation and grain growth 
for the PEEK polymer during the crystallization process. The IF-WS2 particles 
acted as the primary site to induce the crystal core formation during the polymer 
recrystallization process. The more IF-WS2 in the matrix, the more promotion 
effect will be resulted, thus the finer spherulitic grains and broader diffraction 
peaks. Because of this promotion effect, it is reasonable to deduce that the 
resulting composite must have simultaneously created a synergetic interface 
between the PEEK and IF-WS2 reinforcement, which is essential for high 
mechanical and thermal performance.  
 
Fig. 6.7 The XRD patterns. (a) Powder mixture of PEEK/IF-WS2; (b) Crystallised 
block sample of the PEEK/IF-WS2 nanocomposite. 
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FTIR 
Because of the lack of relevant literature, the interface of the PEEK/IF-WS2 
deserves further investigations for better understanding the principle of forming 
the composite. FTIR measurement was used to evaluate the bond between the 
PEEK and IF-WS2, and the results are shown in Fig. 6.8. The FTIR absorbance 
peaks in Fig. 6.8. from high to low wavenumber are assigned as follows. The 
first strong peak at 1658 cm−1 is corresponding to the C=O stretching vibration 
of carboxylic acid. The other 3 peaks at 1591 cm−1, 1493 cm−1 and 1363 cm−1 
are originated from the C-H band of in-of-plane bending benzene vibration. The 
band at 1240 cm−1 belongs to the keto group (C=O), and the band at 1157 cm-1 
corresponds to the ether linkage. The red dashes line pointed out in 1037 cm−1 
band is interesting, as it is not only displayed in the plain PEEK, but also is 
associated with the covalent band from the C=S stretching vibration which could 
occur in the composite164, 195. Indeed, all the IF-WS2 composites are 
corresponding to a little bit higher intensity of this band, which is supportive of 
the existence of the C=S stretching vibration in the composites. However, the 
intensity changes are not strong enough to define the differences between 
different contents composites and need further investigation in XPS. The rest 3 
bands of C–H vibration at 946 cm-1, 840 cm−1 and 764 cm−1 are assigned to the 
derived band of out-of-plane bending vibration for benzene. 
 
Fig. 6.8 FTIR spectra of the PEEK/IF-WS2 nanocomposites with different IF-
WS2 contents. 
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XPS 
We used XPS to further investigate the interface of the PEEK/ IF-WS2, 
confirming the chemical bonding between PEEK and IF-WS2 NPs. The XPS 
analyses were also used to explore the chemical shifting of C 1S and S 2P in the 
PEEK/IF-WS2 nanocomposites. The result in Fig. 6.4.6a shows binding energy 
of C 1S at BE = 284.8, 286.5 and 288.2 eV for the plain PEEK, which 
corresponds to the C-C, C-O and C=O bond, respectively198, 199. The peak 
locations of the PEEK/IF-WS2 nanocomposite show similar features, which 
shows that the introduced IF-WS2 NPs do not damage the original PEEK matrix 
indeed. However, the peak intensity reduction of the C=O bond from 3.56% to 
2.66% with 0.9% different, by calculated the peak area change, is believed to 
arise from the formation of new C=S bonding with stronger signal intensity, 
which replaces the C=O bonding to some extent, as verified in FTIR results as 
the 1037 cm-1 peak change. In addition, the binding energies of S 2P1/2 and S 
2P3/2 for the pristine IF-WS2 NPs, as shown in Fig. 6.9b, display two peaks at 
165.1 and 163.9 eV respectively178, 200. Compared the curves with the PEEK/IF-
WS2 nanocomposite, the S 2P1/2 line is upshifted about 0.3 eV, which can be 
ascribed to the charge transfer from IF-WS2 to the ketone bonding. These 
chemical bonding linkages would improve the adhesion of the interface with 
better connections between the NPs and the PEEK matrix, which could benefit 
the mechanical and physical properties of the nanocomposites. 
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Fig. 6.9 XPS results of plain PEEK sample and 4 wt% PEEK/IF-WS2 
nanocomposite. (a) the C1S binding energy shows the main structure of the 
composite is not change because of the peaks position remained. However, the 
peak intensity slight reduction of the C=O bond is believed to arise from the 
formation of new C=S bonding with stronger signal intensity, which replaces the 
C=O bonding to some extent. (b) S2P lines are upshifted to high level, which 
can be ascribed to the charge transfer from IF-WS2 to the ketone bonding. 
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6.4.3 Thermophysical properties (Thermal Conductivity, Thermal Stability) 
Thermal Conductivity 
The filler content will affect the thermal conductivity of the IF-WS2 
nanocomposite. The thermal conductivity of the composites was measured from 
-50 to 300 C, and the results is shown in Fig. 6.10. At 25C, the thermal 
conductivity of the plain PEEK sample was 0.248 W∙m-1∙K-1, which increased 
progressively for the composites with increased IF-WS2 contents, from 26, 51, 
62, 90 and 190% for the 0.5, 1, 2, 4 and 8 wt% samples, respectively157, 162. 
This result demonstrates that the IF-WS2 NPs are an effective filler for 
improving the thermal conductivity of the PEEK matrix. In fact, compared with 
the PEEK/Graphene (GE) composite, the improvement effect of the IF-WS2 is 
surprisingly greater than that of GE to PEEK in which the optimum content of 1 
wt% GE led to a 53.7% improvement (0.376 W/m∙K), even though GE has been 
reported to have the best thermal conductivities (2000–4000 W/m∙K) 122. This is 
most likely down to the uniform dispersion of the IF-WS2 NPs in the matrix, and 
the very good interface between the filler and matrix, as validated above by both 
FTIR and XPS investigations.  
 
Fig. 6.10 Thermal conductivity of the PEEK/IF-WS2 nanocomposites against the 
pure PEEK. 
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Thermal Stability  
The thermal stability results of PEEK/IF-WS2 samples are presented in Fig. 
6.11a, and their corresponding DSC curves are displayed in Fig. 6.11b. These 
results show that all the samples are degraded over 500 oC and, the higher the 
filler content, the higher the degradation temperature and melting point. For the 
8 wt% PEEK/IF-WS2, it remains nearly 50 wt% of its original weight, rather than 
0% as for the plain PEEK sample. The IF-WS2 contents are burnt under air 
condition around 580 – 590 oC, and the heat release peak shifting to the higher 
temperature part has demonstrated the better stability and higher burning point. 
 
Fig. 6.11 a) TGA curves, and b) the corresponding DSC curves of the pure 
PEEK and the PEEK/IF-WS2 nanocomposites. 
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Furthermore, the gravimetric degradation temperatures are summarised in 
Table 1. The degradation temperature changes, T, against IF-WS2 contents, 
are shown in Fig. 6.12. In Table 1, TS represents the onset temperature of the 
degradation, T50 and TM refer to the temperatures subjecting to 50% and the 
maximum degradation, respectively. The higher degradation temperatures of 
the composites indicate their better thermal stabilities. As exhibited in Fig. 6.12, 
the higher the IF-WS2 contents, the higher the degradation temperatures. The 8 
wt% specimen postponed its onset degradation temperature TS from 498 to 552 
oC by 54 C, which is significant and makes them suitable for applications at 
much demanding environments. 
 
Table 1 TGA results of PEEK/IF-WS2 nanocomposites obtained under air flow 
at a heating rate of 10 C∙min-1. 
Content 
(wt%) 
IF-WS2/PEEK 
TS (C) T50 (C) TM (C) 
0 498 619 657 
0.5 508 625 662 
1 515 626 663 
2 532 641 701 
4 541 645 703 
8 552 648 738 
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Fig. 6.12 Degradation temperature changes of Ts, T50 and Tm all exhibiting a 
positive relationship versus the IF-WS2 contents. 
 
Compared with the neat PEEK, the IF-WS2/PEEK nanocomposites displayed 
higher degradation temperatures under air atmosphere, and by applying the 
Kissinger method, equation (2), we calculated the activation energy value (Ea) 
for the degradation in air for both samples201. 
𝑙𝑛
𝛽
𝑇𝑚𝑎𝑥2
= −
𝐸𝑎
𝑅
(
1
𝑇𝑚𝑎𝑥
) + 𝑙𝑛
𝑛𝐴𝑅(1 − 𝑎𝑚)
𝑛−1
𝐸𝑎
                 (2) 
 
where 𝛽 is the heating rate, Tmax is the maximum degradation temperature at 
different heating rates, Ea is the apparent degradation activation energy value, 
R is the universal gas constant and the A is a pre-exponential factor, am is the 
fraction reacted, n is the empirical order of reaction.  
To calculate Ea from Equ. (2), we assumed the am or the weight loss percentage 
being constant. According to Fig. 6.13, the 𝑙𝑛 (𝛽/𝑇𝑚𝑎𝑥
2  )versus 1/Tmax plots at 
different heating rates, we obtained Ea from the simplified linear equation: 𝐸𝑎 =
−R × slope, 64 and 76 kJ/mol for the neat PEEK and 8 wt% PEEK/IF-WS2 
nanocomposites, respectively. Therefore, the presence of IF-WS2 NPs has 
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increased the degradation activation energy, and hence improved the thermal 
stability of the nanocomposites. 
 
Fig. 6.13 Determination of the activation energy from the Kissinger method for 
the plain PEEK and the 8 wt% PEEK/IF-WS2 nanocomposite. 
 
6.4.4 Mechanical Properties (Hardness, Tensile Strength, Tribology) 
Hardness 
The hardness values plotted in Fig. 6.14 showed that all the composites 
became harder, and that the highest value was corresponding to the 8 wt% IF-
WS2 sample with 25.1 HV0.5, against 18.9 HV0.5 of the plain PEEK, which 
represents a notable 33% improvement. Slightly different from the trend for the 
tensile strength, the hardness values continued to increase with increased IF-
WS2 additions. However, the growth of the value of Vickers hardness is slow at 
the beginning from 0 to 0.5 wt%, and then becoming much fast between the 0.5 
to 2 wt%, and the increasing speed going down again from 2 to 8 wt%. This is 
due to that high amounts of particles could not be dispersed completely 
uniformly within the matrix. From 0.5 to 2 wt%, the mixture nanoparticles were 
dispersed evenly so that they significantly improved the hardness. However, at 
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high content situation, the particles started to agglomerate together and it would 
reduce the efficiency of the reinforcing filler.  
 
Fig. 6.14 Vickers Hardness results at different IF-WS2 contents 
 
Tensile Strength 
The tensile strengths of composites with different IF-WS2 contents from 0.5 to 8 
wt% are presented in Fig. 6.15a, and the composites have demonstrated a 
small improvement of 8% against each other. However, against the pure PEEK 
sample, the 2 wt% composite shows a 24% improvement in the ultimate tensile 
strength, increased from 77.67 MPa to 96.69 MPa. Further increasing the IF-
WS2 content to 4 wt% resulted in a slight reduction in the tensile strength, which 
was further deteriorated at 8 wt%, although remained better when compared 
with the plain PEEK sample.  
As shown in Fig. 6.15b, the elongation rates of the nanocomposites however, 
decreased from ca. 80% down to 13% at increased IF-WS2 content of 0.5 wt% 
to 1 wt% in the composites, about 60% reduction. This downtrend became 
much slighter, as further increases of the filler contents of IF-WS2 from 2 to 8 
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wt%, the ductility of the nanocomposites appeared to be stabilised, remaining 
an elongation of around 10% at final break.  
The Young’s modulus displayed in Fig. 6.15c and d demonstrated the similar 
changing trend as the ultimate tensile strength against the pure PEEK. However, 
at 2 wt% the improvement of the Young’s modulus is around 27%, which is 
slightly bigger than the 24% improvement of the tensile strength, with a value of 
1.82 GPa. Furthermore, the modulus decrease speed after 4 wt% was still 
smoother than the change of tensile strength. 
 
Fig. 6.15 Average tensile strength values and elongation rates at different IF-
WS2 contents. 
 
6.4.5 Tribology analysis 
Fig. 6.16a shows the coefficient of friction (COF) of the PEEK/IF-WS2 
nanocomposites with different contents, obtained under the condition of 100 
rpm and a pressure of 1 bar. The XRD images shown in Fig. 6.16b has 
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confirmed that the IF-WS2 NPs are evenly distributed in the matrices, and at 
higher filler content the peak intensity of the IF-WS2 becomes stronger. The 20 
wt% specimen shows the unstable testing result due to the loose structure of 
the block and it is easy to crumble into pieces in the test. Apart from the 20 wt% 
sample, because the sample block is relative stable during the test, the 8 wt% 
sample displayed the lowest COF at the beginning process with around 0.25. 
However, it reduces to the same level with plain PEEK after 400 sec. We expect 
the COF of the composite reduced significantly as Hou’s reported163, but it did 
not happen because their samples had no sintering process and just a coating 
of the board of steel. The bonding with the PEEK matrix is too strong and the 
IF-WS2 NPs inside the matrix cannot be released to the surface to form a 
tribofilm. Furthermore, the dispersal of NPs is great, and as a result only a few 
IF-WS2 NPs residual were observed on the surface area after the wear testing. 
However, even the improvement of the tribological property is not obvious, the 
COF still improved a bit and maybe it could work in the high loading ambient. 
Consequently, the super-lubricating property of the IF-WS2 did not fully exhibit. 
However, we believe that under larger pressure conditions, the friction will 
damage the surface of the PEEK block and the IF-WS2 embedded inside will 
find their way out to show their superiority to help reduce the COF. 
 
a) The COF of the PEEK/IF-WS2 at different contents 
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b) The XRD curves after 10 min wearing test. 
Fig. 6.16 a) The COF of the PEEK/IF-WS2 at different contents; b) the XRD 
curves after 10 min wearing test. 
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6.5 Conclusion 
In summary, the IF-WS2 NP addition in the PEEK matrix has modified the 
spherulite crystalline structures by way of affecting the nucleation and 
crystallisation, increased the overall tensile strength, hardness, Young’s 
modulus, and improved the thermal stabilities and conductivities. Our FTIR and 
XPS results have further confirmed the existence of both chemical and physical 
bonding between the IF-WS2 and the ketone interface in the PEEK. An 
improvement of 24% in the tensile strength and 27% for the Young’s modules 
(at 2 wt%) has been obtained. A better degradation temperature of over 50 C 
has been demonstrated, and such better thermal stability is originated from the 
increased activation energy in the composites. The thermal conductivity (at 8 
wt%) is nearly 2 times higher than that of the plain PEEK material, which can 
greatly extend its application range.  
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Chapter 7. Carbon coated IF-WS2 composite reinforced PEEK 
matrix 
7.1 Introduction 
In previous Chapter, we have investigated the simple method to fabricate binary 
PEEK/IF-WS2 nanocomposites. To further enhance the potential properties of 
the composite, the ternary concept of PEEK nanocomposites will be evaluated 
in this Chapter. Amongst a diverse choice for the reinforcement, the carbon-
based nanomaterials and IF-WS2 nanoparticles have separately attracted most 
attentions. As the most studied materials in past decades, CNTs and graphene 
have been explored in various polymer matrices, including PEEK190, 202. 
Meanwhile, owing to the outstanding properties such as superb shock 
resistance, high thermal stability and conductivity, excellent lubricant 
performance, as well as that PEEK/IF-WS2 composites have been investigated 
intensively, the combination of carbon with IF-WS2 is thus an interesting 
selection. Furthermore, many documents have demonstrated that the 2H-
WS2/C mixed composite powders have superior electrochemical properties. It 
has been found that the introduction of carbon with these particles not only 
further will enhance the mechanical and thermal properties, but also show 
extraordinary semiconducting behaviour, which makes the application to 
develop ternary IF-WS2@C/PEEK even more attractive.  
However, even the 2H-WS2/C mixture has experienced the issue of carbon 
separation from the WS2 flakes, which complicated the situation and restricted 
them becoming an ideal enhancement phase for ternary PEEK composites. 
More difficult than the binary system, the ternary-phased nanocomposites will 
face severer challenges in achieving a uniform nanofiller dispersion within the 
PEEK matrix. Hence, preparing a WS2/C composite reinforcement phase, rather 
than using two reinforcements, appears to be an effective way to counter the 
dispersion issue. Whitby et al. have reported a 2H-WS2-coated CNT composite 
phase with exposed WS2 layer to delay the oxidation process of CNTs 
significantly29. Unfortunately, even though there was a good interface bonding 
between the WS2 and CNTs, the poor dispersion ability of the WS2 within PEEK 
matrix still restricts their applications. 
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Given by abundant amount of literature associated with carbon-based CNTs 
and graphene, which can be used to assist in tackling the dispersion and 
interface issues, an alternative C-coated IF-WS2 nanomaterials therefore would 
be very interesting to be explored. Indeed, Xu et al. have documented such IF-
WS2@C nanoparticles, and importantly they have pioneered the large scale 
production attempt by using a rotary tube furnace, which makes such 
investigation possible in our laboratory31, 197. Furthermore, the thermal stability 
of the IF-WS2@C NPs has been significantly improved and the C-coating could 
help to improve the dispersion of IF-WS2 NPs and the interface adhesion with 
the PEEK matrix. Those advantages imply that the IF-WS2@C NPs are an 
attractive choice to fabricate ternary IF-WS2@C/PEEK nanocomposites.  
In this chapter, the high performance IF-WS2@C-PEEK ternary 
nanocomposites will be prepared, in which the PEEK matrix is reinforced by 
graphitic C-coated IF-WS2 composite NPs. The structures, mechanical and 
thermal properties of the resulting nanocomposites will be characterized 
systematically by using corresponding methods. We will further analyse the 
interface formation mechanism of the composites. We will show that 
improvements of the tensile strength and thermal conductivity of PEEK are 
originated from the homogeneous dispersion of the IF-WS2@C NPs within the 
PEEK matrix. We believe that this research can be widely expanded to 
fabrications of other PEEK-based nanocomposites.  
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7.2. Fabrication and discussion of carbon coated IF-WS2 NPs 
7.2.1 Fabrication of IF-WS@C NPs 
By fine tuning the RCVD process that we reported earlier, we produced the IF-
WS2 NPs first during the solid-gas reaction stage, and then achieved uniform C 
coating after the CVD stage. As detailed in Chapter 3, the nanoscale highly 
graphitic and layered C coating was achieved by using the acetone and styrene 
mixed solution as carbon source. By controlling the injection rate, reaction time 
and temperature, can optimise the quality and thickness of the C coating. After 
numerous experiments, we adopted an optimal set of parameters, of which the 
solution volume ratio is 4:1, at 2 mlh-1 injection rate, at 700 – 900 C and under 
Ar atmosphere. Especially, the 30 and 60 min durations were studied, and the 
resulting samples were named as IF-WS2@C-30 and IF-WS2@C-60, 
respectively. 
 
7.2.2 Structure and morphology of IF-WS@C NPs 
XRD characterisation 
As shown in Fig. 7.1, the XRD patterns of the IF-WS2@C NPs, as well as the 
pristine IF-WS2 NPs, synthesised at 775C, show that all peaks labelled with a 
triangle match the major peaks of IF-WS2. The peak with the highest intensity 
occurred at 2θ = 14.3 corresponds to the (002) of WS2, which is also prominent 
in the IF-WS2@C NPs. In the enlarged patterns on the dash square of Fig. 7.1, 
a tiny peak is visible at 26.2, which is attributed to the (002) plane of graphitic 
carbon31. The low (002) intensity ratio between carbon and IF-WS2, i.e. the 
weak (002) graphitic peak, is owing to the small amount of carbon in the IF-
WS2@C NPs. For the same reason, the carbon content difference between the 
IF-WS2@C-30 and the IF-WS2@C-60 samples cannot be clearly recognised 
under the XRD, due to its resolution limit. 
138 
 
 
Fig. 7.1 XRD patterns of pristine IF-WS2 and IF-WS2@C NPs 
 
TEM characterisation 
The HRTEM images in Fig. 7.2, can reveal the different coating thicknesses 
between the long and short time created IF-WS2@C NPs. As shown in Fig. 7.2a 
and b, both images display the bright contrast C layer and the dark IF-WS2 core 
with the marked polygonal cage structure. The corresponding inset of HRTEM 
images in both Fig. 7.2a and b further demonstrates the lattice distance of 0.62 
nm for the dark core part and 0.34 nm for the light surface layer, which is 
corresponding to the (002) plane of WS2203 and graphitic carbon respectively. 
The HRTEM images also show that the continuous C coating is around 1 nm 
thick for IF-WS2@C-30 and 2 nm for the IF-WS2@C-60 NPs. These results 
demonstrate that the quality of the IF-WS2@C NPs produced by the current 
RCVD process are of high, uniform and with controllable C-coating thickness, 
thus we have confidence for them to be used as a composite reinforcement filler 
in PEEK matrix. 
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Fig. 7.2 the HRTEM images of IF-WS2@C-30 and IF-WS2@C-60 NPs. 
 
7.3 Characterisation and discussion of IF-WS2@C-PEEK nanocomposites. 
7.3.1 Structure characterisation  
Before the melting process, we surveyed the pure PEEK and PEEK based 
mixtures of different loadings of NPs by using XRD, as shown in Fig. 7.3a and b, 
to set a standard for comparison with their sintered composites. For the IF-
WS2@C-30-PEEK powder diffraction patterns, the strong peak at ca. 14 
corresponding to the (002) plane of the WS2 (Fig. 7.1) was observed in the 
nanocomposites, and its relative intensity increased with increased IF-WS2 
concentrations. The three peaks appeared at 20.8, 22.8 and 28.9 were the 
characteristic diffractions of the (110), (113) and (200) planes of PEEK,155, 157 
respectively. These peaks all became sharper and stronger after sintering for 
both the neat PEEK and their nanocomposites, compared with the powder 
mixtures, which is believed to be raised from crystal growth and better 
crystallisation. Almost identical features also occurred to the IF-WS2@C-60-
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PEEK samples (Fig. 7.3c and d). By examining the full width at half maximum 
(FWHM) of the (110) peak in Fig.7.3b and d for the sintered samples, it is clear 
that the peak became broader at higher IF-WS2@C contents. A broadened 
peak indicated the shrinkage of the crystalline sizes. The dispersion of IF-
WS2@C NPs in the PEEK matrix would promote the nucleus formation and 
possibly physically hinder the growth of the PEEK spherulitic crystals. Therefore, 
at increased content of the IF-WS2@C NPs, more IF-WS2@C NPs would be 
able to act as tiny primary cores and promote the recrystallization of PEEK, 
leading to the slightly enlarged FWHM values. This result indirectly confirmed 
the good quality of dispersion of the NPs, because a poor and heavily 
agglomerated dispersion at high NP fraction would not be able to generate such 
a crystalline reduction impact. Direct morphological analyses will be followed.  
 
Fig. 7.3 XRD patterns of powder mixture of IF-WS2@C-PEEK before (a, c), and 
after (b, d) sintering crystallisation. 
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7.3.2 Morphology (SEM with EDS, TEM) 
SEM with EDS 
The pure PEEK after melting showed a smooth surface, consisting of large 
irregular spherulites which formed by many tiny granular structures, as shown in 
the SEM images in Fig. 7.4a. The bright spots with high contrast in the back-
scatter SEM images in Fig. 7.4c and d were from the 2 wt% IF-WS2@C-30 and 
IF-WS2@C-60 PEEK composites, respectively. The high contrast patterns were 
originated from the IF-WS2@C NPs, as further confirmed by the mapping scan 
EDS in the dashed circle area (Fig. 7.4b and c). The IF-WS2@C NPs appeared 
to be distributed very well within the matrix for both IF-WS2@C-30 and IF-
WS2@C-60 NPs. At 8 wt% NPs addition, the distribution of the high contrast 
spots looked consistently homogenous, without obvious agglomerations. 
Fig.7.4e and f displayed the 8 wt% IF-WS2@C-30-PEEK and IF-WS2@C-60-
PEEK composites. Although we could not clearly establish a statistic link 
between the IF-WS2@C contents with the spherulite sizes based on limited 
number of images, it is evident that the bright IF-WS2@C NPs were well-
dispersed and embedded inside the PEEK spherulites. This will be further 
evaluated by the effect on their mechanical properties.  
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Fig. 7.4 a) Secondary SEM image of the neat PEEK after melting; b) EDS 
analysis recorded from the circle in c); c) and d) Back-scatter SEM images of 
the PEEK nanocomposites containing  2 wt% of IF-WS2@C-30 and IF-WS2@C-
60, respectively;  e) and f) Back-scatter SEM images of the 8 wt% IF-WS2@C-
30 and IF-WS2@C-60 NPs in PEEK, respectively . 
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TEM 
Not like the previous TEM images taking under the 200 kV acceleration voltage, 
the TEM in this session was operated at 120 kV, which can avoid structural 
damage to the polymer by the electron beam. As shown in Fig. 7.5a, the 
granular structure of the dark IF-WS2@C was easily visible against the bright 
PEEK matrix that exhibited as irregular spherulitic structures. At low 
concentration (2 wt%), the IF-WS2@C-30-PEEK exhibited a similar distribution 
characteristic to the IF-WS2@C-60-PEEK sample, appearing as individual NPs 
(Fig. 7.5b and d) mixed with clusters of small agglomerations (Fig. 7.5a and c). 
Whilst individual NPs were embedded in the centre of spherulites, the clusters 
were also seen as the core surrounded by the spherulite, as shown in Fig. 7.5a. 
As displayed in Fig. 7.5e and f, even for the 8 wt% content composite, the 
distribution of IF-WS2@C NPs was still fairly homogenous at the micrometre 
scale. The similar distribution behaviours between the IF-WS2@C-30-PEEK and 
IF-WS2@C-60-PEEK NPs have convincingly demonstrated that the C coating 
was indeed worked in the composites, and the carbon-PEEK interaction 
dominated the interface process, regardless the inside content of IF-WS2. This 
result is very useful, as vast opportunities could be opened for tailoring desired 
properties of nanocomposites by using this facile C-coating strategy to different 
NPs.  
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Fig. 7.5 TEM images. (a, b) 2 wt% IF-WS2@C-30-PEEK; (c, d) 2 wt% IF-
WS2@C-60-PEEK, and (e, f) 8 wt% IF-WS2@C-60-PEEK nanocomposites. 
 
7.3.3 Spectra analysis (FTIR, XPS) 
The interface interaction was investigated by analysing the FTIR and XPS 
spectra together, on two sets of samples (IF-WS2@C-30-PEEK and IF-
WS2@C-60-PEEK) with different NP concentrations. The peaks at 1658 cm−1 
and 1240 cm−1 in the FTIR spectra shown in Fig. 7.6a belong to the keto group, 
originated from the vibration of carboxylic acid of C=O stretching. The three 
peaks around 1591 cm−1, 1493 cm−1 and 1363 cm−1 are ascribed to the C-H 
band of in-of-plane bending benzene vibration, and other peaks at 946 cm-1, 
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840 cm−1 and 764 cm−1 are assigned to the out-of-plane bending vibration of 
benzene ring. The band at 1157 cm-1 is originated from the ether linkage (C-O). 
All these similar FTIR spectra are based on features of the PEEK, indicating 
that the original PEEK structure has not been damaged by the inclusion of IF-
WS2@C NPs. The IF-WS2@C NPs features are not reflected by this 
technique85, 200. The coated carbon outside the NPs is not noticeable by FTIR 
as the content is just a tiny amount and there contains no functional groups. 
Also because of the carbon coating separating IF-WS2 with PEEK, the 1037 cm-
1 is no change anymore. Thus we need further XPS study for this. 
As shown in Fig. 7.6b, the XPS investigations demonstrate the elemental 
composition on the surface of composite and the spectra were focused on the 
C1S spectra of 3 samples, the IF-WS2@C, plain PEEK and IF-WS2@C-PEEK 
composites with 8 wt% NPs. The C-C bonding for all materials exhibited clearly 
around the binding energy BE = 284.8 eV. The ether and ketone bonds from the 
PEEK were displayed at BE = 286.3 eV and BE = 288.2 eV, respectively178, 200, 
204. The tiny C=O peak appeared in the IF-WS2@C spectrum was possibly 
originated from the carbon source (acetone). The most interesting phenomenon 
was the obviously increased intensity of the broad peak around BE = 292 eV. 
The IF-WS2@C-PEEK composite exhibited a much stronger intensity at BE = 
291.9 eV than either the IF-WS2@C or the PEEK alone. The sp2 hybrid orbit of 
benzene plane (π-π*) in PEEK was reported a BE = 292.2 eV, whilst graphitic 
carbon that had a similar hexagonal-ring structure was reported to have the 
similar sp2 hybrid vibration mode with BE = 292.1 eV in the IF-WS2@C 
sample205. It was uneasy to distinguish the two peaks due to the overlap, 
however the significantly increased intensity for the broad carbon shakeup peak 
at 291.9 eV in the composite was believed to be a result of interface reaction 
between carbon and PEEK during sintering. It was likely that when the carbon 
hexagonal-ring of the IF-WS2@C NPs faced the benzene planes of the PEEK, 
they formed a chemical bonding via π-π stacking, hence the much larger broad 
peak was observed. This chemical bonding would help to create strong and 
stable linkages between the IF-WS2@C and PEEK, which would be stronger 
than a physically bonded interface, thus improved mechanical and physical 
properties, which will be verified later. 
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Fig. 7.6 a) FTIR spectra and b) XPS results of the C 1S of the IF-WS2@C-30 
and its derived PEEK nanocomposites. 
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7.3.4 Thermal properties (Thermal stability, Thermal conductivity) 
Thermal stability 
The thermal stability of IF-WS2@C-PEEK samples are shown in Fig. 7.7a and c, 
and their corresponding DSC curves on melting point are presented in Fig. 7.7b 
and d, respectively. The TS represents the onset temperature of the degradation 
and TM refers to the temperature at maximum degradation, respectively. As 
summarised in Table 2, the higher the IF-WS2@C contents, the higher the 
degradation temperatures, the higher the starting degradation temperatures of 
the composites, and the better the thermal stabilities. The IF-WS2@C-60-PEEK 
composites showed a slightly higher degradation temperature than the IF-
WS2@C-30-PEEK, which was due to the different thickness of their C coating. 
The 8 wt% addition notably postponed the onset degradation temperatures of 
the two C-coated composites by 57 and 60 C, respectively. Compared with the 
IF-WS2-PEEK composite (54 oC improvement, at 8 wt%), these results show a 
slight improvement. Moreover, they also exhibited a stable platform stage (Fig. 
7.7a, for pure to 8 wt%) before the degradation starting period. Therefore, those 
results have demonstrated the role of C coating in improving the thermal 
stability of the composites, suggesting that these composites could widen their 
application potentials towards much demanding environments.  
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Fig. 7.7. TGA curves (a, c) and the corresponding DSC curves around the 
melting point (b, d) of the IF-WS2@C-30-PEEK and IF-WS2@C-60-PEEK 
composites respectively. 
 
Table 2. Gravimetric degradation temperatures of IF-WS2@C-PEEK 
nanocomposites 
Content 
(wt%) 
IF-WS2@C-30 IF-WS2@C-60 
TS (C) TM (C) TS (C) TM (C) 
0 487 641 487 641 
2 516 702 523 706 
4 531 706 538 711 
8 544 714 547 716 
 
According to the TGA analysis, the IF-WS2@C-PEEK nanocomposites exhibit 
higher degradation temperatures. By further applying the Kissinger method, and 
using the same Eq. (2) described in Chapter 6, the activation energy (Ea) of the 
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degradation in air for these samples have been calculated based on the data in 
Table. 2, to compare the thermal stability. 
𝑙𝑛
𝛽
𝑇𝑀
2 = −
𝐸𝑎
𝑅
(
1
𝑇𝑀
) + 𝑙𝑛
𝑛𝐴𝑅(1 − 𝑎𝑚)
𝑛−1
𝐸𝑎
                (2) 
The two 8 wt% IF-WS2@C-PEEK samples were measured with various heating 
rates of 10, 20 and 40 C∙min-1, respectively. In the calculation of Ea using the 
equation, we have assumed that am is a constant, and then we can obtain a 
simplified linear equation: 𝐸𝑎 = −𝑅 × 𝑠𝑙𝑜𝑝𝑒 by plotting 𝑙𝑛 (𝛽/𝑇𝑀
2  ) versus 1/TM at 
different heating rates and the results are shown in the Fig. 7.8. The apparent 
degradation activation energy is 61 kJ∙mol-1 for the neat PEEK450PF and 79 
kJ∙mol-1 for the pristine IF-WS2 reinforced PEEK composites. However, IF-
WS2@C-PEEK nanocomposites have exhibited much higher values of 93 and 
97 kJ∙mol-1 for the thin and thick C-coating applied, respectively. This c.a. 50% 
increase in the degradation activation energy, attributed to carbon coating on 
the IF-WS2 NPs, also support the improved thermal stability of the 
nanocomposites.  
 
Fig. 7.8 Determination of the activation energy using the Kissinger method for 
the neat PEEK, 8 wt% IF-WS2-PEEK and the 8 wt% IF-WS2@C-PEEK 
nanocomposites. 
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Thermal conductivity 
Fig. 7.9a presents the thermal conductivities of different composites evaluated 
at 25 C. The neat PEEK gave a value of 0.248 W∙m-1∙K-1, in line with literature, 
whilst the composites all showed much higher values that increased with 
increasing the NP content concentration. In particular, both of two C-coated IF-
WS2 composites (IF-WS2@C-30-PEEK and –60-PEEK) exhibited dramatically 
higher thermal conductivities than both the neat PEEK and IF-WS2-PEEK 
composites. For example, the conductivity of the IF-WS2@C-60-PEEK 
composites was measured with 61, 134 and 235% improvements, against the 
neat PEEK, for the 2, 4 and 8 wt% of NP additions respectively (Fig. 7.9b). This 
result has clearly confirmed again the effective role of IF-WS2@C NPs in the 
fabrication of composites, better than the pristine IF-WS2 NPs.  
The thermal conductivity of composites is associated with the crystalline 
structure of the PEEK matrix, the intrinsic nature of the filler and its distribution, 
and importantly the quality of the interface structure. Layered carbon in the form 
of CNTs, graphene and even graphite all has extraordinary thermal 
conductivities. The presence of a very thin a few layered graphitic C-coating on 
the IF-WS2 exhibits a similar structural feature to the carbon nano-onions—an 
analogue of CNTs, therefore is expected to benefit the thermal conductivity. It is 
obvious that the distribution of the filler within the matrix will also affect the 
crystal structures of the matrix, however the synergy between the filler and the 
PEEK interface is likely to have played a dominant role in this context, as 
proposed for many CNT-reinforced polymeric composites. As a discontinuous 
particulate reinforcement in this case, the interface synergy would be more 
important. Our TEM observation and XPS analysis above have both revealed 
the formation of a good interface in the IF-WS2@C-PEEK composites. 
Therefore, the 235% improvement is very convincing. 
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Fig. 7.9 a) and b) Thermal conductivity of the IF-WS2-PEEK and IF-WS2@C-
PEEK nanocomposites against the neat PEEK. 
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7.3.5 Mechanical properties (Tensile test, Vickers hardness test) 
Tensile test 
Fig. 7.10a displays the ultimate tensile strength and its corresponding 
elongation percentage of pure PEEK, the complementary IF-WS2-PEEK and IF-
WS2@C-PEEK nanocomposites with NP contents ranging from 2 to 8 wt%. 
Compared with the neat PEEK sample, the ultimate tensile strength of the 2 wt% 
composites increased from 78 MPa to 116 and 121 MPa for IF-WS2@C-30-
PEEK and IF-WS2@C-60-PEEK respectively. Further increasing the IF-
WS2@C content to 4 wt% resulted in a significant deterioration in the tensile 
strength. Because there existed some more agglomerations inside the 
composite to cause the weak tensile strength, which is corresponding to the 
TEM imaging result. However, it was still better than the plain PEEK sample. In 
addition, the 8 wt% composite showed serious agglomerations and exhibited 
the worst values. All samples showed a similar tendency in the tensile strength 
when increasing the filler content, but the two C-coated IF-WS2 composites 
exhibited significant improvements against those neat PEEK and IF-WS2-PEEK 
composites.  
Fig. 7.10b shows the common situation that the composites become brittle 
when the filler content increases. Whilst the elongations of all composite 
specimens became worse than the neat PEEK, from ca. 60% down to 10% for 
IF-WS2 and 5% for IF-WS2@C. The IF-WS2@C-PEEK nanocomposites showed 
a good dispersal ability, which confirms the better improvement in mechanical 
property than IF-WS2/PEEK composite. However, due to the better dispersal 
ability of the IF-WS2@C NP, the more smooth filler NPs distribution resulted in 
the extra decrease of elongation at 2 and 4 wt%, compared with the IF-
WS2/PEEK composite. When the filler content reached 8 wt%, all composites 
displayed the similar elongation rate. 
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Fig. 7.10 The average ultimate tensile strength and its corresponding elongation 
percentage 
 
Vickers hardness test  
The Vickers hardness values (HV) with different filler contents are shown in Fig. 
7.11a. All results are much higher than that of pure PEEK. The highest HV 
values are obtained from the 8 wt% IF-WS2@C-30-PEEK and IF-WS2@C-60-
PEEK samples, being 27.1 and 26.9 HV0.5, respectively, which represents an 
over 40% improvement against the neat PEEK (18.9 HV0.5). Moreover, Fig. 
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7.11b also shows the tendency in hardness values that increases with 
increasing filler amounts. Meanwhile, all composites containing C-coated IF-
WS2 NPs exhibit a greater improvement effect than that of the pristine IF-WS2 
reinforcement.  
 
Fig. 7.11 Vickers hardness values of the specimens with different filler types 
and contents. 
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7.4 Conclusion 
In summary, a novel and unique high performance thermoplastic PEEK ternary 
nanocomposites reinforced by nano graphitic C-coated IF-WS2 NPs has been 
prepared by taking advantage of the excellent properties of both a few layered 
graphitic carbon and IF-WS2. For the composites, their thermal conductivity 
(235%) and mechanical properties (>50% in strength and >40% in hardness) 
have been significantly improved. In addition, for the higher IF-WS2@C content 
composites, they also exhibit higher decomposing temperatures, which implies 
the more stable thermal property (about 60C). Further investigations have 
obtained the activation energies based on estimation by the Kissinger method 
being 61 and 97 kJ∙mol-1 for neat PEEK and IF-WS2@C-PEEK respectively. In 
addition, the interface structures have been characterised by electron 
microscopy imaging, EDS and XPS etc. We have verified that the C coating on 
the IF-WS2 NPs allowed them to form a very good interface bonding when they 
were integrated into the PEEK matrix. At the meantime, the incorporation of the 
C coating also improved the dispersion ability of the IF-WS2 NPs, further refined 
the crystallisation of the PEEK matrix with smaller cores by comparing the 
morphology change in SEM and TEM images, and promoted the formation of 
smaller spherulite structures, which have all contributed to the property 
improvements. 
This study has not only established a completely new strategy to create carbon-
inorganic jointly reinforced high performance polymeric matrix composite, but 
also has pointed out that coatings of other functional NPs could easily be 
realised for desired properties. This advanced IF-WS2@C-PEEK ternary 
nanocomposites the significantly improved properties will greatly extend the 
applications of neat PEEK into more critical areas.  
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Chapter 8. Conclusions and future work 
In conclusion, a series of nanoscale C-coated NPs has been prepared by the 
modified RCVDs method, and several types of polymer-based nanocomposites 
have been fabricated by a simple solution mixing technique, by applying the 
NPs created in this thesis. Their morphology, structure, mechanical, thermal 
and interface bonding properties have been thoroughly characterized. 
In Chapters 4, we have described the general and simple method for the 
successful synthesis of the novel and uniform nanoscale C-coating deposited 
on the surface of various micro- or nanoscale non-magnetic metal oxides, 
including MOx (M = Ce, Cr, Zr, Y, Ti and Zn, where x = 1, 1.5 and 2). The nearly 
individually and ultra-thin graphitic C-coating is 1-5 nm thick, reacted from 15 to 
60 min, respectively. The resulting core-shell composite NPs have indeed 
combined the advantages of both graphitic carbon and metal oxides, benefiting 
their surface modification and dispersion in composite fabrication. And the 
optimal set of parameters have been obtained, as follows: acetone and styrene 
solutions with a volume ratio of 4:1 and the reaction temperature at 775 oC. We 
believe that the modified RCVD system is capable of scale-up MOx@C NPs 
manufacture to industrial level. For the TiO2@C NPs, it changed from isolated 
material (TiO2) into conductor, with the conductivity σ about 0.0891 S/m. 
Further investigation in Chapter 5 is using ZnO@C NPs as an example filler in 
nylon 12 matrix and demonstrated the simple way to get the optimal crystallinity 
of polymer composite matrix is cooling down the samples on the surface of 
asbestos. The composite has shown that the C-coating has led to a 49% 
improvement in thermal conductivity (at 8 wt%), 27% increase in tensile 
strength (at 2 wt%) and around 28% reinforcement in hardness (at 8 wt%). This 
research opens up new opportunities for MOX@C core-shell NPs to be utilised 
in the creation of high performance polymeric nanocomposites with specifically 
desirable functions based on the properties of cores.  
In Chapter 6, we have successfully prepared high performance PEEK matrix 
polymer nanocomposite using IF-WS2 NPs, by a simple melting process without 
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changing the basic structure of the original polymer matrix, and have shown the 
significant mechanical property improvements, where the tensile strength 
improved 24% (with 2 wt%, 96.7 MPa), the hardness displayed the highest 
increase of approximately 33% (25.1 HV0.5 at 8 wt%) and the Young’s modulus 
increased around 27% around 1.82GPa at 2 wt%.The XPS and FTIR results 
demonstrate how the IF-WS2 NPs can be integrated within the polymer matrix 
with related strong chemical bonding, and also improve the way to dispersal 
and adhere the nanoparticles into the PEEK powder with high amount. Besides, 
we present the significant improvement in thermal conductivity of 190% (with 8 
wt%). Moreover, for the thermal stability, the melting and degradation points 
have increased 49 and 54 oC, respectively (with 8 wt%). 
In Chapter 7, we have successfully fabricated the novel IF-WS2@C-PEEK 
ternary nanocomposites, validated the advantage of the C-coating in composite 
applications. The C-coating on the IF-WS2 NPs helps to form a uniform 
dispersion, and eliminate the tendency of agglomeration in the PEEK matrix. 
The IF-WS2@C-PEEK nanocomposites exhibit impressive improvements in 
both the mechanical and the thermal properties, with extraordinary 54% 
enhancement in the ultimate tensile strength at 2 wt% and nearly 235% 
increase in thermal conductivity at 8 wt%. In addition, they also show an 
increase in decomposing temperature (over 50 oC) at higher IF-WS2@C 
contents. Further investigation reveals that the activation energies estimated by 
Kissinger method to be 61 and 97 kJ∙mol-1 for neat PEEK and IF-WS2@C-
PEEK, respectively. The cause of better thermal stability has been confirmed by 
the stronger formation between PEEK matrix and IF-WS2@C nanoparticles, 
which also for the first time has been investigated by FTIR and XPS analysis. 
This new strategy opens vast opportunities to combine the advantages of 
advanced polymer material and numerous NPs in a composite.  
Based on above results, some thoughts can be proposed for the further work. 
These recommendations have not been accomplished in this thesis. 
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The surface modification of the C-coating is a very interesting field, because this 
method creates the opportunity to combine the large amounts of existing 
researches of carbon with countless non-magnetic nanoparticles together. I 
believe that this can provide a powerful tool for achieving novel ternary 
nanocomposites. 
Moreover, the nanoscale C-coating process can be a decent method for the 
synthesis of uniform carbon membrane. The novel hollow carbon membrane 
with large surface area could be applied to prepare electrode materials for 
batteries/supercapacitors or basic substrates for super-catalyst in 
electrochemistry applications. 
Last but not the least, even the mechanical and thermal properties are improved, 
the tribological properties of these IF-WS2 composites still need further 
investigations to find out the mechanisms such as how to control the release of 
IF-WS2 NPs onto the composite surface, to form a tribo-film. And extensive 
research is required to identify the optimal conditions of these ternary 
nanocomposites for anti-wear applications. 
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